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PREFACE 


This thesis subject was undertaken in an effort to become con- 
versant with the basic characteristics of a voltage regulator and to 
determine the properties which make it function effectively in conjunc- 
tion with a synchronous generator, 

A four hundred forty volt, sixty cycle, fifteen horsepower squirrel 
cage induction motor, coupled by a ten hersepower magnetic particle 
clutch te a one hundred twenty velt, three phase, four hundred cycle syne 
chronous generator was used in conducting this research, 

It is desired te acknowledge specifically the untiring and patient 
guidance of Decter George J, Thaler, of the U. S, Naval Postgraduate 
School, in conducting the thesis, Further, I thank collectively the 
members of the Electrical Engineering Department ef the U, S, Naval 
Postgraduate Scheol for their kind counsel and assistance in specific 


problems encountered, 
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CHAPTER I 
SYNOPSIS OF THESIS RESEARCH 


The successful veltage regulation of a generator has been the pur- 


suit of many investigators, It has been accomplished in many instances 


on a trial and error basis, It is felt that there are specific and 


measurable characteristics ef the generator, which, if accurately know, 
«3 


would permit the design and construction of a voltage regulator before 


the generators were manufactured, 


This investigation was able te gain an insight into some of the 


characteristics which make a voltage regulator function effectively. 


The conclusions frem this investigation are: 


1. The synchrenous alternator characteristics which must be accurate- 


ly known are: 


a. 


“x 


The magnetization curve at synchroneus speed frem 

zere field current to twice ne lead field current. 

The voltage regulatien curves ef the synchreneus generat- 
or frem 70% to 125% ef rated terminal voltage. 

The design specifications fer the synchrenous alter- 


nator. 


2. The cemponents which are utilized in the censtruction ef the 


veltage regulator must be voltage er current sensitive as re- 


quired fer the specific eperatien. 


3. The transient characteristics of the components may be appreci- 


ably underdamped, previding that the frequency @f the’ transient 


is high, and the damping is adequate, Under such cenditions 








he 


Se 


the escillation is suppressed quickly and the generator output 
is net seriously affected, 

Magnetic amplifiers have a high gain characteristic and are very 
sensitive to current changes, This makes them very satisfact- 
ory as regulater components, 

An analysis ef performance based on frequéncy response methods 
is considered practical. The bleck diagram and appreximate 
linear transfer fimctions have been derived. Evaluatien of 
these transfer functions and detailed analysis have not been 


undertaken because of time limitations, 





CHAPTER IT 
THE PROBLEM OF VOLTAGE REGULATION IN ELECTRICAL MACHINERY 


The satisfactory voltage regulation of a generator, a motor-generator - 
unit, and a complete system have been the pursuit and efforts of many 
investigators, This is definitely not a riew problem and much has been 
accomplished in the study of voltage regulation. 

The following enclosure from a Bureau of Ships letter to a leading 
commercial supplier of electrical equipment indicates that the problems 
of voltage regulation, though old, have not been completely solved. 

VOLTAGE REGULATOR PROBLEMS 





l. The following summarizes our present views on the nature of the 
long range voltage regulator problems with which the Electrical Branch 
of the Bureau of Ships is concerned, and of the long range objectives 
which it hoped we can attain by the solution of these problems, The 
discussion is in terms of the specific case of d-c to a-c motor gener= 
ators, It is believed that the results of a solution for this case 
can be applied without difficulty to generators driven by turbines 

or diesel engines, 


PROBLEMS 


2. First problem, The first problem is to find the answer to the 
Following questions 3 


a. Which machine characteristics of the motor and gener- 
ator used in a motor generator must be known to permit the design and 
construction of the voltage regulator before the machines are avail- 
able to experiment with? 


be How can we measure these characteristics? 

c. How closely must the range of permissible values for 
the machine characteristics be specified in order to avoid the neces- 
sity of building an excessive range of adjustment into the voltage 
regulator? 


d, Can the machine designers design their machines with 





sufficient accuracy se that.we can be sure the machines will actually 
have machine characteristics within the specified ranges of values? 


3. Second problem, The second problem is to find an answer to the 
following question: Suppose we have definitely specified performance 
characteristics for a complete unit consisting of d-c motor, a-c gener- 
ator, voltage regulator, and possibly a speed governor for the motor, 
Knowing the specified performance characteristics for the complete unit, 
what values must be specified for the machine characteristics in order 
to arrive at an optimum design for the complete unit, taking into 
consideration weight, space, cost, and other pertinent factors for 

both the machines and the regulator? 


i. Third problem, The first two problems are concerned with a motor- 
generator and regulator to meet specified performance requirements for 
the complete uit. The third problem goes beyond this and amounts 

to finding an answer to the following question: What performance 
requirements should we specify for the combined unit in order to 
arrive at an optimum design for a complete system which includes 
motor-generators and the equipment which uses power from the motor- 
generators? 


= 


OBJECTIVES 


S. Faster procurement, If we have the answers to questions 2(a) 

to 2(d), any Tf the answer to 2(d) is affirmative, the Bureau can 
specify performance requirements for the complete unit consisting 

of machines and voltage regulator (and speed governor, if required). 
The prime contractor for the complete unit can specify the machine 
characteristics, tell the machine designer to build machines with 
these characteristics, and tell the voltage regulator designer to 
design a regulator to work with machines of these characteristics 

and give the performance specified by the Bureau of Ships for the 
complete motor generater, Machines and regulators can be built 
simultaneously and assembled together with complete confidence that 
the assembly will meet the performance requirements specified for the 
complete unit. This unit will not, however, necessarily be the 
optimum design to meet the specified performance requirements, It 
will de the job, but for the same performance requirements on the 
complete unit, a different choice of machine characteristics might 
lead to a different combined unit which would do the job equally well 
and have advantages with respect to weight, space, or cost, 


6. Better motor generator design, If we have the selution to the 
second preblem, we can Specify the performance requirements for the 
complete unit and then be able to specify the machine characteristics 
which will result in an optimum design for a complete unit to meet the 
specified performance requirements. 


7. Better system design. If we have the answer to the third problen, 





we will be able to select the performance requirements for motor gener- 
ators in such a way as to result in an optimum design for a complete 
system including motor generators and power utilizing equipment. 


8. et ae and Standardization, Anether ebjective is to 

simp and stan ze motor generators, 

a, A first step would be to tabulate the minimm number of 
standard building blocks of specified characteristics (motor and gener- 
ator combinations, veltage regulators, and speed governors) which can 
be assembled to make all of the moter generators needed by the Navy. 

db. The second step would be to tabulate the minimm number 

ef smaller standard building blecks ef specified characteristics 

(motors, generators, and compenents ef voltage regulaters and speed 

governors) which can be assembled in different combinations to make 

the larger standard building blocks contemplated in the first step. 

This group of questions at first glance might appear te be rather 
formidable, The answer is net obvious to the student but can definitely 
be determined if given enough time, To give credence te this last state- 
ment ene need only nete the vast advancement in voltage regulation due te 
the use of various types of regulating devices. 

Due to the limited time a student can devete to the thesis research, 
4t was decided te investigate only a small segment of the vast tepic of 
voltage regulation, The specific intent was te study the voltage reg- 
ulator for a synehrenous generator and ascertain the characteristics of 
the veltage regulator which make it function effectively in conjunction 
with the synchronous generator, 

A five kilowatt - one hundred twenty velt - four hundred cycle motor- 
generator pewer supply and associated control equipment was provided by the 
Bureau of Ships to cenduct this investigation, A complete description ef 
the various wits and the theory of system operation is appended as 


Appendix IV, 


CHAPTER IIT 
"THE METHOD OF ATTACKING THE PROBLEM 


The precedure that was follewed in attacking the veltage regulation 
preblem was straight ferward, The system was adjusted as directed in the 
inatructien beek (Bibliography - 10) and tested fer nermal eperation, 
The eperatien was nermal and the stated ampere and veltage values were 
realized. In effect, the answer to the chosen regulation problem is 
here, The remaining preblem is to interpret this answer, 

The various means ef interpretation are: 

1. The use of feedback contrel theory in developing a frequency 
respense analysis, In order to apply feedback theory, a block 
diagram of the system must be developed and transfer functiens 
derived for each block, As a first approximation linear theory 
will be used, but it is prebable that future extensions to in- 
clude nen linear theory will be required, 

2. The performance characteristics ef the system to be analyzed 
must be determined experimentally, Required tests are: 

a. Step function lead test te determine the transient 
response ef the system and its components, 

b. Steady state lead tests to determine the actual regulat- 
ion eunrectoristien and also te ebtain data fer use in 
transfer functien evaluation, 

c. Certain static tests such as the ne lead saturation 
curve of the generator. 


Use ef this information will permit cerrelation ef the results with 





theeretical analysis, 

Photographic techniques will be utilized at the main junctions te 
determine the wave shape of both the current and voltage. This will 
further establish the effect of the various compenents on the input 
quantities, In addition it will indicate what the true quantity is in 
relationship te the indication recorded on the meters and recording 
devices, It will further indicate what corrective action might have te 
be taken te secure a more desirable characteristic, 

Thus no one technique will be used to the exclusion of the other, 
but all these devices will be used in order to determine the correlation 


between the theorectical analysis and the actual operation, 
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CHAPTER IV 


CONSTRUCTION OF TEST EQUIPMENT AND INSTRUMENTATION 


The instrumentation of the motor, clutch, generator, and voltage 
regulator, was accomplished by utilizing the special distribution buses 
which were installed to permit rapid, safe, and easy reading of the desired 
quantities, In addition te the special buses shown in figuresx< ,3 , 

4 , and 5 the connector beards in the voltage regulator and the in. 
dividual cemponents were utilized directly in obtaining the required data, 

The complete instrumentation of the motor, clutch, generator, and 
veltage regulator was prompted by the realization that no one unit could 
be operated so that it was basically independent ef any ether unit, The 
operation of any one component is in? lwensed both directly and indirect- 
ly by the operation of the other components, 

The three line currents and voltages for the induction motor were 
obtained by inserting a Weston Ammeter (Appendix I-(a)) in each line and 
a Roller Smith Co. voltmeter (Appendix I-b) across the lines as shown in 
figure § . A special starting switch shown in figure 6 protects the 
amueters. 

The magnetic particle clutch current and voltage characteristics 
were obtained by opening terminal (3) (minus) on the speed regulator bus 
and inserting a Weston D C Ammeter (Appendix I-c) and by putting a Weston 
DC Veltmeter (Appendix I-d) across terminals (3) (minus) and () (positive) 
on the speed regulator bus, 

The three other buses indicated on figure J were utilized as 


follows: 
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120 V=-DC: To permit separately excited operation of the gener- 
ater field. 
120 V - 38 - AC: Te permit using an ungrounded three phase supply 
for the various pecontiiay and indicating instruments, 
Spare Bus: This permits trunking in ether than the standard volt- 
ages or facilitates taking readings from the regulators, 
The instrumentation of the veltage regulator was accomplished by 
opening up all key points and inserting the appropriate ammeters, The 
desired voltages were alse ebtained at these key points, The specific 
instrumentation is as fellews: 
For the voltage leop in the block diagram figure 19 and ZO , 
Transformer T 1-27C61-2: 

(1) The primary current was obtained by opening line ); on T l- 
C and inserting a carbon pile resistor and a Weston A C 
Ammeter (Appendix l-e), 

(2) The primary voltage was read by inserting a Weston A C 
Voltmeter (Appendix 1-f) between terminals (l;) and (3) on 
the voltage regulator bus. 

Tripler Reactor L1-38B55-2: 

(1) Primary phase (line) current: Opened lead 12 which 
cennects te terminal (11) on voltage regulator panel ine 
dicated on figure 14 and inserted a variable carbon pile 
resistor and a Weston A C Ammeter (Appendix leg). 

(2) Primary line voltage: 

Inserted a Westen A C Veltmeter (Appendix 1-h) 
between terminals 10 (Al) and 2h (B1). 


(3) Secondary Current: 
Lh 
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Opened lead 26 (B3) and inserted a variable carbon pile 
resistor and a Weston A C Ammeter (Appendix 1-1), 
(ly) Secendary Veltage: 
Inserted a Weston A C Voltmeter (Appendix 1-4) between 
terminals 26 and 27, 
Rectifier RECT 1~-);):B30-2 
(1) Output Current: ; 
Opened lead number 1:5 which joins terminal (7) en the 
Detector Panel and inserted a Westinghouse D C Ammeter 
- (Appendix l-k), 
(2) cer: Veltage: ie 
Inserted a Westinghouse DC Voltmeter between leads 8 and 
28 on the rectifier (Appendix 1-1) 
Rectifier RECT 1-)))C190 
(1) Input Current: 
Opened lead number 57 which cennects te terminal (6) on 
the Preamplifier Panel 35C63-2 and inserted a Weston A C 
Ammeter (Appendix l-m), 
(2) Input Veltage: - 
Inserted a Westen A C Voltmeter between terminals (5) and 
(6) on Preamplifier Panel 35C63-2 (Appendix len), 
Preamplifier 36506342 Output (Final Stage Centrol) 
(1) Output Curmeat: 
Opened lead 20 which connects te terminal (3) on the Pre- 
amplifier Panel and inserted a Westen DC Ammeter (Appen- 


dix l-o), 
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(2) Output Voltage: 
Inserted a Westinghouse Type PX-l) D C Voltmeter between 
peints 11 and 3 on resister Rl (300 ohms) in the Pream- 
plifier Panel 35063-2 (Appendix 1-p), 
Bias Characteristics for Preamplifier 35C063—-2 
(1) Current: 
Opened lead number 12 te resistor R2 (2000 ohms) in Pre- 
amplifier and inserted a Weston D C Ammeter (Appendix leg). 
(2) Veltage: 
Inserted a Weston DC Voltmeter between leads 1 and 12 of 
Resistor R2 (2000 ehms) in Preamplifier (Appendix l-r). 
Tetal Bias Characteristics - Output of Rectifier RECT 2<1))\C79~2 
(1) Current: 
Opened lead 21 which connects to terminal (2) on the Pre- 
amplifier 35C63=-2 Panel and inserted a variable carbon pile 
resister and a Weston DC Ammeter (Appendixl-s) 
(2) Voltage: 
Thserted between leads (1) and (2) on the Detector Panel 
35C12)-2 a Weston D C Voltmeter (Appendix 1-t), 
Rectifier RECT 1-1)},C20~2 
Input : 
(1) Current: 
Opened lead 5 which cennects to terminal (5) on voltage 
regulater panel and inserted a variable carbon pile resist- 
er and a Weston A C Ammeter (Appendix leu). 


(2) Voltage: 
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Inserted a General Eleetric A C Voltmeter between termin- 
als (5) and (6) on the veltage regulator panel (Appendix 
lev) 
Output: 
(1) Current : 
Opened lead 1:8 on Rectifier Unit l\C20-2 and inserted a 
variable carbon pile resister and a Weston DC Ammeter 
(Appendix l-w). 
(2) Veltage: 
Inserted a Westen D C Voltmeter between leads 18 and 51 
en the Rectifier Unit llC20-2 (Appendix l-x), 
Final Stage Amplifier Output (Generator Field) 
(1) Current: 
Opened sherting lead on terminal (9) (plus) ef the voltage 
regulator bus and inserted a variable carbon pile resistor 
and a Westen DC Ammeter (Appendix l-y). 





(2) Voltage: 
Inserted between terminals (9) (plus) and (10) (minus) en 
the voltage regulator bus a Westen DC Voltmeter (Appendix 
1-2). 

The three line currents and voltages for the synchrenous generator 
were ebtained by inserting appropriate ammeters, veltmeters, and watt- 
meters as indicated in figure § . The lead was three balanced wye con- 
nected resistance banks, The specific instrumenting was: 

Phase One: 

(1) Current - A Westen A C Ammeter (Appendixl-aa) 
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(2) Veltage - A Westen AC Voltmeter was inserted between 
points a and e (Appendix l-bb), 

(3) Wattmeter: A Weston Wattmeter was cennected as indicated in 
figure 8 . (Appendix lecc) 

Phase Twe: 

(1) Current - A Westen AC Anmeter (Appendix 1-dd) 

(2) Veltage - A Weston A C Voltmeter was inserted between points 
b and c (Appendix l-ee), 

(3) Wattmeter - Connected a Westen Wattmeter as indicated in 
figure § . (Appendix 1-ff). 

Phase Three: 

(1) Current - Connected a Weston A C Ammeter (Appendix legge), 
(2) Veltage - Inserted a Weston A C Voltmeter between points b 
and a. (Appendix 1l-hh), 

In erder to ebtain the speed characteristies ef the alternator with 
stepped lead cenditions the shaft of the alternator was drilled and tapped 
te accemedate the shaft of a permanent magnet type generater (Appendix 1l- 
41), The eutput ef the PM Generater was taken te the tachometer bus on 
the voltage regulator bus panel, 

The instrumentation necessary te secure the transient characteristics 
of the Tripler Reacter 11-38B55-2 is shewn diagrammatically in figure 7 . 
The physical arrangement ef the equipment is shown in figures 1/0 and 

It. | 

In erder te facilitate the recerding of transient data easily and 

safely a portable bussing section consisting of nineteen different esis 


ef four shorted terminals each was made. Each section was tested using. 
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a 500 V megger and an ohmmeter thus ensuring preper clearance between 
terminals ome continuity within terminals, 

The actual recording of the transiént data was accomplished by using 
the portable bussing section, The desired voltage was applied to the in- 
put of the DC amplifier (Appendix 1-34). The eutput of the DC amli- 
fier was taken te a Direct Inking Oscillograph (Appendix lekk) which 
recorded permanently and with suitable references the desired transient. 

The closest approach to a stepped lead condition that could be 
realized was to use a three pole single throw switch which permitted load- 
ing and unleading nearly instantaneously as a first approximation. This 
switch is shown on figures | ,5 ,and § . 

In order to determine the effect of the stepped load current on the 
entire system the fellewing transients were recorded simultaneously. 

(a) Bias Centrel Circuit: 

Voltage between points 1 and 12 of resister R2(2000 ohms) 
in Preamplifier 35C63=2, 

(b>) Preamplifier Control Circuit: 

Veltage recorded between points 8 and 28 on the rectifier 
RECT 1-))),B30-2. 
(c) Final Stage Amplifier Control Circuit: 
Voltage recorded between points 1] and 3 on resistor Rl 
(300 ohms) in the Preamplifier Panel 35C63-2, 
' (ad) Final Stage Amplifier Main Power Circuit: 
Voltage recorded between leads )\8 and 51 en the Rectifier 
Unit hhc20~2 
(e) Generator Field Circuit: | 


23 





wif 


UT te 
ce ui a 





Wats ho po oybooayy aan cee hey +i oir al 
burpsoal) hl som 4 vp} auaic ac] do tps pepiveg! reel 


‘SERN RSSe eee Eeesh | we 











wa pohe 
Sf Ue aa bus ptoray 


4ro4 booty ile | hay +Y 
L jee OO UA joy dy faq NS 4 ae 


| 








a 


x 
oJ 
5 
es 
~ 0) 
r*= mS 
Lt AL 








Veltage recorded between terminals (9) (pin and (10) 
(minus) en the voltage regulator bus. 
(f) Magnetie Particle Clutch Circuit: 
Veltage recorded between terminals (3) (minus) and (};) 
‘ (plus) en the speed regulator bus, 
(g) Generator output: 
Voltage frem PM Generator recorded between terminals on 
the tachometer section of the voltage regulator bus. 
The physical arrangement of the amplifiers and brush recorders is shewn 
in figures /< and /|3. 

The same general physical arrangement was utilized in taking the 
photegraphic information, The enly difference in precedure was to take 
the voltage drep across a wariable carbon pile resistor in order to in- 
dicate the current wave shape, The fact that there may be extreme dif- 
ferences is indicated in the comparisen of the voltage and current wave 
shapes in Chapter Six, Analysis of Data. 

The photegraphic data was recorded using a Cathede Ray Oscilloscope 
(Appendix 1-11) and an Oscillegraph Record Camera (Appendix =m), 

Te ensure that the frequency of the generator output voltage was four 
hundred cycles per second, a sample of the output voltage was checked 
using the Hewlett Packard Frequency Ceunter (Appendix l-nn), 
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CHAPTER V 
THE VARIOUS TESTS CONDUCTED 


In erder te knew what might be expected operationally from this 


voltage regulator system, it was necessary te conduct several tests. 


The various tests which were cenducted are listed belew and explained in 


the follewing paragraphs: 


(1) 
(2) 


(9) 


Calibration ef all ammeters and voltmeters. 

Self-excitation of the generator field with the veltage 
regulator operating in automatic. 

Self ~ excitation of the generator field with the voltage 
regulator operating in manual. | 

Separate excitation of the generator field with no regulation. 
Separate excitatien of the cterdine field with no regulation 
at the follewing initial voltages: 

80, 100, 120, 10 and 150 velts. 

Tachemeter voltage output as a reliable reference of alternator 
speed and voltage, 

Tripler Reactor transients 

Simultaneous transients at the main pesitions in the voltage 
regulater system. ' 

Photegraphic record of steady state test information. 


In erder to be assured that the quantity which was being measured 


was correct, or if this quantity were in errer, hew much error was ine 


volved, all meters were calibrated against the respective secondary 


standard ammeters, and veltmeters, 
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The nermal operation of the voltage regulator system is in automat- 
ie operation, With the voltage regulator system in automatic, the alter- 
nator was loaded by means of resistance banks. The results of the loading 
is indicated in figure 23 . 

In order to understand the comparative eperatien of the veltage 
regulator in manual operation as epposed to autematic operation, the volt- 
age regulator system operating in manual was leaded using the resistance 
banks, The results of this test are indicated in figurec3 . 

The inherent magnetie preperties of the material which are used in 
this alternator can best be determined by separately exciting the gen- 
erator field as indicated in figure <2 . There is ne leading of the 
alternater and the regulating equipment is ineperative, The results of 


this test are shewn in figure 22. 
Te determine the effect of leading on the alternator which is 


separately excited and with the regulation equipment ineperative, the 
generator field was separately excited at varieus values and loaded, 
The results ef this test are indicated in figure c/ . 

In order te have an accurate indication of the alternator terminal 
veltage and speed changes of the alternator, a Permanent Magnet Generater 
was installed, The output voltage of the P M Generator was recorded 
with a Brush recerder, : 

In order te understand the steady state and transient character- 
istics ef the Tripler Reactor, the steady state and transient tests 
were cenducted with the various results indicated in figures 69, c/, 


CR.y 25 » and IS - 
The simultaneous recording of transient or steady state data at the 
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main junctiens in the system when subjected te stepped lead conditions 
will be indicative of the system perfermance, and alse show the inter - 
relationships existing between the varieus units, 

The use of phetegraphic techniques prevides an aceurate means of 
seeing what the specific quantities being utilized are as eppesed te 


their theoretical characteristics. 
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CHAPTER VI 
ANALYSIS OF DATA 


Derivation of a Preposed Transfer Function Based on experimental data 


The Significance of the Pletted Graphs Determined from Steady State 
Values 


The Significance of the Transient Data 
The Significance of the Phetegraphic Data 


30 








A, ‘Derivation of a Prepesed Transfer Function Based en experimental data 

This research was conducted using the physical components which are 
described in detail in Appendix IV and shewn in figures |4 and ! 2 , 

The purpese of this research was te become conversant with the basic 
characteristics of a voitage regulator and to determine the preperties 
which make it function effectively in conjunction with a synchrenous gen- 
erator, This means that it must be pessible to express these character- 
istics in some manner, such that they are related te a known reference, 

The precedure that was utilized was the application of linear serve- 

mechanism theory (Bibliography 1:1, 2). This means that it is necessary 
to devise an appropriate and accurate representation of the system and 

te be able to represent the various building blecks by a preper expressien, 

In the determination ef the various blecks, it is tacitly assumed 
that each block is a separate non-interacting unit. Thus the output of 
ene bleck will be connected te the input of another blocks and this 
second bleck, when referred to the first block, will have a high im- 
pedance, 

Throughout this research it has been assumed that the various com- 
ponents have linear characteristics, It will be shown later that this 
assumption is not tetally correct because some of the characteristics 
deviate slightly frem the linear concept. Nonetheless, in order to 
secure an insight inte the system's pebtarndfics, the linear concept will 
be utilized, 

In figure IF the overall connections for the voltage regulator 
with the internal units are shown, Whereas this diagram is important 
and shows the mits which are te be considered only for the voltage 
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various blecks define the complete system for this investigation, 

Next it is necessary te combine these various blecks in such a 
manner as to arrive at a workable expression. Several reduction pre- 
cedures could be utilized in order te simplify this diagram as indicated 
in Bibliegraphy 8,2),27,35,0,41, and 42, It was considered that if any 
of the other suggested precedures were used then some of the character- 
istics of the individual components would be masked in a compound express- 
ien, Whereas this procedure must be used in selving the mathematical 
expression relating the generator field current and the alternator line 
current, it is not utilized in the basic analysis, 

The proposed block diagram is shown below, A cemplete evaluation of 
the expressions for the various blocks is given in the following para- 





Loop 1 ~ Current Transformer Loop Figure R0-4A 


Leep 2 — Voltage Detector Leop 
K 1 - Transformer T ~ 1(27C61 - 2) 





K 2 ~ Tripler Reactor (L1-38B55-2 ) 

K 3 = Bridge Rectifier (1-));B30-2 ) 

K + Preamplifier (35063-2) 

K 5 = Final Stage Amplifier (L1A-38Bl13-2) and (L1B-38B13-2 ) 
K 6 ~ Current Transformer (27C-68-2 ) 

K 7 = Full Wave Rectifier 


K 10 ~ Synchronous Generator 


Basic Generator Equations 


Veltage Detector Cireuit 
i;= 1,K, K,X,K, 
Current Transformer Circuit 
Adder in the Final Stage Amplifier 
115 = i,+ is 
Gain Constant in the Final Stage Amplifier 


1, “4 Lis Ks 
Generator 
Lin * Ly Kio 


Generator Field 
Ei2 ig Rgt+ L te 
Ei (s)e Rp Ig (8) + Ls G(s) -L 4g (0) 
Transition frem Meld Current to Generated Voltage 
Ej(9)= Kgs Ts (8) 
Ey: Kys 15 
Generated Veltage 
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The general form ®r the output versus input of a feedback leop is: 


bio = Ks Kio 
és l + Ke K, Ks Kio 


These K's refer to the K's shown in the bleck diagram figure 204A. 


The Transfer Fimctions Fer Various Cempenents 


Ks = Pure gain constant 


Ka = ——_! ‘ 
L I- K, ei 


K.= S L bate Co) — M*t.(0 + Rt (0) + R, M4,(0) - 
Suites L; Ls (0) - M2,(0)] + S$ (Ra by Ui Co) + ReMeaCo)+ Lz] +R, 


kK = Ln : at gf ; 
lo bg ; fer zere initial conditions 


(Re +e S| 
Ki, = hn: _Kyf + Le bie (0) 
bg Re t Le S Ls 
Kio = 19. = Kgs /Rte = K 
bg | + Ln. 1+ TS 
t 
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It is known from the oscilloegraphic data shewn in figure o7 that 
the input current is net a true step but consists of a DC current with 
a small AC ripple riding on the DC. For a first appreximation, the 


ripple may be neglected and the input current treated as a true DC step, 


ae és (8S) Ws) 
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Te determine the expression fer lead current [,, as a functien ef 
time, it is necessary te take the inverse Laplace Transform ef [,, (s). 
New if 
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It must be noted that time did net permit cemplete evaluation of 
the prepesed transfer function. The following paragraphs indicate 
metheds which may be used te obtain numerical values for the algebraic 
expressions previously derived, The expressions fer the units is shown, 
and the limitations, if any, which are imposed, 

The voltage responsive leep has a change ef 0,633 milliamps in the 
contrel field ef the preamplifier for every velt change in the alternater 
voltage, 

This represents a first appreximation whereas the true value will 
differ from this because the transfer function of the tripler reactor is 
not a pure gain constant, 


Thus the expression for the detector transformer, tripler reactor, and 





the bridge rectifier may be expressed as a linear function, 
Transformer <- Tl<27C61-2 


ES 
5 


Tripler Reactor - L1-38B-55<2 


Fer verbal discussion see derivation in Appendix 


Wes) = Shit bs 6260)— M*b,(o)] + } oe 
S*[ba bs b1C0)- Mb, (0)] + 5 [Rls Li(o) + RaM Uy (0) +La] + Re 


AV,- 23 AY, 
3.0 


Rectifier 1-))):B30—2 


AT= !4 av 


It is believed that the straight forward servemechanism transfer 
function appreach is not the most suitable nor accurate consideration, 
It is further believed that the better appreach would be te werk on in- 
cremental changes abeut the ne load eperating point and derive the func- 
tions en this basis, 


The transfer function fer the bias rectifier, three phase ful] wave; 


- 


ra 








2=-l)C79=2 is not a pure gain constant as for the main power final stage 
winding rectifier, It is te be noted that the bias current does net 
change until the lead current has exceeded 110% full lead value. There- 
fore, the bias winding is assvmed constant and neglected in the basic 
clesed loop diagram transfer function computations, 

The current transfermer (27C-68-2) transfer function will be of the 


form 


W(s)= by be balo)- M*4, (0) + ) ita 2 
S*f Lat yl,@)- M*L,(6) [+ S[R, L,b,€0)+ Ra Mt2(0) 4 toll Ra 


The main power rectifier }):C20-2 Final Stage transfer function can 
be expressed as a pure gain constant for the range frem no lead te apprex-= 


imately 130% of full lead value. The cemputed gain is: 


Ato . 0.0025 2 g.2q¢ 
A hig 0-210 


ae output = 0.299 A dhe 


The Final Stage Amplifier is assumed as a first approximation te be 


a pure gain constant. Frem the test data the gain is assigned a value of 


h2 








C 3] 6.05] Arm pny 


Ke 45.7 


The transfer function fer the generator will be of the form 


Ws) = —Met = _Mot/ee = _ Kae /Re 
CR, tLes] [i + be s | [P+ Ss] 


Rt 


The final expression for lead current as a function of the generater 


field current will be expressed as 
Tlead = bs Wy (5S) 


=) 2 + 
5 3 
SUM, + S*M + SN tM 


Now [load = a W3 (S) 


hence T load = x t+ § +." 
S[S5M + St, + 5N3 + Na | 


where the coefficients in the numerater consider the effect of the 


step , 


h3 








Now ited (t)= L | bead (5) | 


The solution of the lead current as a function of time is not as 
fermidable as it might appear to be at first glance, The determination 
ef the roots ef the cubic equation is given in Appendix III, A complete 
explanatien of the selution of a eubic equation is given in H. B. Fine's 
COLLEGE ALGEBRA (Bibliegraphy 1). However other suitable and desirable 


precedures are set forth in Bibliography 13 and 33. 
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B, The Significance of the Plotted Graphs Determined from Steady State 
Values, 

The voltage regulator system as defined in the Derivation of the 
Transfer Fimetion consists only of physical elements, Therefore, it is 
necessary that the characteristics of these components be determined in 
order to know how the components function, 

The main purpose of the voltage regulator is to maintain the ter- 
minal voltage of the synchronous alternator at a preset value, 

This tacitly implies that one knows how the synchronous alternator 
functions independently of the voltage regulator when load is applied, 
This information was ebtained by separately exciting the generator field, 
Different initial values ef excitation were used ranging from 39.5 volts 
te 81.5 volts which corresponds te synchronous alternator terminal volt- 
ages of 80 volts to 1:0 volts. This information is plotted in Figurer]. 

As the designed terminal voltage is 120 velts AC, we are mainly 
concerned with the curve originating at 120 volts AC generator terminal 
voltage and zero load current, 

It is seen that with the application ef load the terminal voltage 
deviates from the desired 120 volts. The percent regulation inherent in 
the synchronous Alternator at normal 120 V ac initial voltage is: 

% Regulation Voltage Ne Lead - Voltage Full Lead 
———Weltage Full lead = =” 


ra e a 
120 ~ 102 ‘18 
ee |. 
17.65% 


Now if the terminal voltage is to be maintained at 120 volts from no 
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lead to full lead or at any specified value, this means that the generator 
field current must be increased enough to compensate for the drep which is 
inherent in the synchronous alternator, This in effect is what the volte 
age regulator must do, 

Some further observations about this alternator are definitely in 
erder, It could easily be operated at terminal voltages both higher and 
lower from the designed 120 volts ac, This assumes that the system which 
this alternator supplies is able to operate at either the reduced or 
raised voltage. If this is true, and the voltage regulator should be- 
come inoperative in either automatic or mammal operation, then the gen- 
erator field could be self excited to a higher generator field voltage 
to give the desired terminal voltage under varying load conditions, 

The basic curve which is most informative is the magnetization 
curve, Figurecnr . It is te be noted that for normal operation which 
is a generator field current of 1.22 amps, for no lead, to 1.43 amps, for 
full load current, the region of operatien is just below the knee of the 
curve, The selection of this region for operation is felt to have been 
dictated by two reasons, 

(1) As the field current is increased from the no load operating 
point, there is a sufficient increase in terminal voltage, However, if 
the operating region were shifted te the right, it would require a much 
larger change in generator field current te secure an equal change in 
terminal voltage with respect to the designed operating region. 

(2) The ascertl consideration, which very likely determined the 
region of operation of the generator field current, was the factor of 


hot spet temperature in the synchronous alternater, If the maximum air 
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gap flux density were increased, it could well mean that the flux den- 
sities within the teeth would be abnormally high, thus causing the cre- 
ation of excessive hot spot temperatures, which could endanger the alt- 
ernator 

Other factors may alse enter inte the cheice ef the eperating point 
on the magnetization curve, In the system studied, speed regulation is 
obtained by means of a slipping magnetic particle clutch which is eper- 
ated with a feedback loep from the generator terminals, If the terminal 
voltage is tee low, the speed regulator dees not functien preperly, and 
this puts another limitation on the cheice of operating conditions, 

The magnetic particle clutch used in this wnit is definitely criti- 
cal with respect te generator terminal voltage. The critical range on 
starting is frem a generator field Fievsnt ef 0.77 amps te 0.89 amps, 
which corresponds to a terminal voltage range from 77 volts te 86 velts, 
This is due to the feedback loep, to the speed regulater, which controls 
the excitation for the magnetic particle clutch. Fer values of generater 
field current less than 0.77 amps the cluteh is not slipping. The gener- 
ator speed is actually above synchronous speed, However, when the altere- 
nator terminal voltage is at 77 volts, the clutch begins to slip. This 
effect is noted on the magnetization curve by & displacement to the right 
of the curve, 

Thus it is not considered advisable to operate this unit unless the 
initial terminal voltage is at least 108 volts, The inherent regulation 
would be sufficient at this initial terminal voltage te ensure being abov e 
the critical region at full load. 

One other characteristic to be ebserved is the hysteretic effect 


oD 





which is noticeable from increasing field current to decreasing field 
current, In short, the terminal voltage lags the field current when the 
field current is decreased, Thus for the same value of field current, 
the terminal voltage will be lower on increasing field current than on 
decreasing field current, 

Lastly the operating region on the magnetization curve can definitely 
be considered linear, 

Figure 43 shows the normal regulation characteristic of the syn- 
chronous alternator, To determine the deviation from the desired 120 
volts ac the synchronous alternator was loaded and the following three 
conditions imposed: 

(a) All three loadings were conducted the same way, using the same 

load banks, 

(bo) The first run was with the voltage regulator in automatic con- 

trol. 

(c) The second mm was with the voltage regulator in manual control 

initially set at 120 volts ac, No further adjustment was made. 
However, it is to be noted that the synchronous alternator ter-~ 
minal voltage can be manually adjusted to maintain the 120 volts. 

(d) The third run was with no voltage regulation, 

This data is shewn in figure 24. The most striking feature is in- 
dicated in this graph. In automatic operation the terminal voltage was 
constant te 130% of full load current. In manual operation the voltage 
drop was only 8 volts, With no regulation employed, the voltage drop to 
130 @ of full load current was 36 volts, 


The following table summarizes the results of this graph: 


Sh 





Automatic Manual Operation 


Operation Operation With No 
Voltage Voltage Voltage 
Regulator Regulator Regulation 

Per Cent 

Regulation 

at: 

Full Lead ©) 4.35 17.65 

130% 

Full Lead 1.69 7.15 39.6 


The fellowing sketch shows exactly what the voltage regulator must 


do in order to maintain the terminal voltage, 


Corrective, ros of 


Regulater 
la ov Termina | 
Thereng ae 
the « S%layz, aie) 
Ge, : Sync } On Lncreasing 
aicael Nous Load. 
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In order to have a continuity ef analysis for this system, the 
various components will be analyzed as they appear in the voltage loop 
and current loep as described in figure 2OA, Consider first the volt- 
age loep. 

The Detector Transformer T1-C7C61-2 is considered to be a linear 
device over the range of normal operation. This is shewn graphically in 
figure <4 . 

The tripler Reactor L1-38B55-2 exhibits definitely a non-linear 
characteristic as indicated in figure 25 . In effect considering either 
the output voltage or the output current with respect to the input volte 
age the hysteretic effect is most pronounced, The output voltage is the 
main consideration, As a first approximation it is considered valid to 
derive a best linear expression relating the input and the output volt- 
BES o 

The rectifier RECT 1-l))B30-2 characteristics are shown in figure 2é. 
In this component it is the output current with which we are basically 
concerned, Whereas the curve of input voltage versus output current 
deviates slightly from the desired linear characteristic, this amount of 
deviation is not considered excessive, Therefore we can write a best 
linear expression for this curve. This fact is further substantiated in 
figure<7 which shows the relationship between input current and output 
current and voltage, 

The Bias Rectifier 2-))l:-C79=2 characteristics shown in figure 2 3 
indicate that the output characteristics of voltage and current have non 
linear properties, Nonetheless it is only fair to point out that the 


scale of current is in milliamperes and the total voltage deviation is 
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only one volt. Therefore an equally good linear curve could be drawn to 
express the relationship, In Appendix II the transfer fimction of a full 
wave rectifier was derived, It indicated a rectifier could be expressed 
in linear terms, Hence as a first approximation this component can be 
considered a linear device, 

The Preamplifier Stage 35C63=2 will be considered as a single unit 
composed of four variables as indicated in figure 294-. This graph could 
well be considered as a Transfer Characteristie Curve, The salient 
considerations are: 

(a) The Bias Current is definitely a linear variation with load, 

(b) ‘The Preamplifier Main Power Current is a linear variation with 
load, 

(c) The Preamplifier Control Current is not an overall linear 
function, but can be so considered when the scale of control 
current is noted, The deviation between the non-linear curve 
and the linear curve are academic points of interest solely in 
this investigation, 

(d) The Preamplifier Output Current is plotted to a different scale 
than the Input Current however, the similarity between the 
general conteur of each curve is most striking. In short the 
Output Current will be considered as a linear function fer the 
reasons stated in section (c) above, 

A general ebservation would be that the Preamplifier is operating 

basically as a gain wit, 

Now consider the current leop, TheCurrent Transformer 27C68—2 


Characteristics are shown in figure 30 . The voltage and current 
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characteristics are definitely non-linear and will require a complex 
expression to describe its transfer function accurately, The derivation 
of the general transformer transfer function is given in Appendix IT but 
must be specifically applied to this transformer before a workable ex- 
pression is known, It is felt that this component is primarily respon- 
sible for one of the roots in the generalized transfer function given in 
section (a) of Chapter VI, 

The Main Power Rectifier ))\C20-2 characteristics shown in figure 3] 
are a linear function, Both the voltage and the current can be considered 
as linear functions although the main interest is in the current relation- 
ship. Figure 32. shows more effectively the output current of the rec- 
tifier, 

As for the Preamplifier Stage a Transfer Characteristic Curve for the 
Final Stage Amplifier was drawn as indicated in figure 3% . 

(a) The Preamplifier Control Current and the Final Stage Control 

Current have the same general type of linear curve, 
(b) The Bias Current is a linear function, 
(c) The Main Power Current is not a linear function, It will have 
a general expression similar to the secondary transformer 
current because the secondary voltage of the current Transformer 
_was applied to the Rectifier }):C20-2 which might be considered 
as a fractional gain device, 
(d) The Output Current is not a linear function but is rather a 
non-linear fimction, As might be foreseen there is 4 marked 
similarity between the main power current and the generator 


field current which is the final stage output current, 
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To bring into clearer focus the impertance of the various functions 

which comprise the final stage, the following graphs were constructed, 

(1) The Main Power Final Stage Amplifier Current versus the CGen- 
erator Field Current and Generator Field Voltage shown in 
figure 33 shows conclusively the linear relationship which 
exists, 

(2) The Main Power Final Amplifier Stage Voltage versus the Gener- 
ator Field Current and the Generator Field Voltage shown in 
figure34 shows conclusively the linear relationship which 
exists. 

(3) The Final Stage Control Current versus the Generator Field 
Current and the Generator Field Voltage shown in figure 3¢ . 
once again point out the definite linear relationship which 
exists, 

(4) The Final Stage Control Voltage versus the Generator Field 
Current and the Generator Field Voltage shown in figure 3) 
approximates closely the linear characteristics, 

These four graphs indicate the very definite desirable linear character- 
istic of the final stage amplifier when only the input currents are the 
references with respect to the generator field current and the generator 
field voltage. However, when we take the generator output current as the 
reference the non-linearity characteristic prevails, As the transfer 
function of the final stage amplifier is the component being considered 
and it is assumed that there is negligible interaction, the input current 
references are valid, 


As it is the generator field current which is the main consider 
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ation, figure37 shows the generator line current versus the generator 
field current and the generator field voltage, These curves definitely 
emphasize the non-linear characteristic of the generator field current 
and the generator line current. This is easily confirmed theoretically 
when we recall the region of operation on the magnetization curve, which 
was assumed to be linear but in fact was somewhat non-linear, 

The Generator Terminal Voltage, the Generator Field Voltage, the 
Control Voltage Preamplifier Stage, the Control Voltage Final Amplifier 
Stage, and the Bias Voltage were plotted versus load current as indicat- 
ed in figure 94 with the voltage regulator eperating in automatic, All 
voltages were constant through 10% full load current except the generator 


field voltage which increased from a fixed value with the application of 


load, 
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(C) The Significance of the Transient Data, 

The transient analysis of the system was conducted as stated in 
Chapter IV to determine the effect of the stepped loading on the various 
functions, The graphical results are shown in figures 4° through 
figure 59 , 

The following definitions were used in analyzing the transient 
curves, | 

Mp': The ratio between the magnitude of the maximm excursion from 

the initial steady state value to the difference between the 
two steady state values. 

Rise Time: 

It is the ae from the application of the step function until 
the maximum excursion from the initial steady state value. 

Settling Time: 

It is the time from the application of the step function 
until the curve comes within and stays within a plus or minus 
2% band of the final steady state value, 

For the Magnetic Particle clutch the conventional definition is used 
for Mp' rather than that previously stated here, The Dead Time for the 
Magnetic Particle Clutch is that time during which the excitation for the 
clutch is zero, Thus actually the initial steady state value of the 
clutch is zero before the clutch becomes excited. 


The reference to which the settling time is compared is four hundred 


cycles, 


The following tables summarize the results of the transient loadingg. 
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. Preamplifier Control Cireuit 





No Load To Mp? Rise Time Settling Time 
Various Leadings In Sec; In Sec, - In Cycles 
De Gedakes 18.0 0,008 0.08 18,0 
31 amperes Use 0.009 0.07 18.8 
37 amperes 8.8 0.010 0.060 2.0 
Various Loadings te 

No Load 

26 amperes 18.0 0.002 0.0) 16.0 
31 amperes afer h 0.002 0.04 1670 
36 amperes tae 0.002 0.0); 1656 
Bias Control 

Circuit: 

No Load Te 

Various Loadings 

26 amperes 6.09 0,007 0.015 6.0 
%L amperes 6220 0.007 0.015 6.0 
37 amperes 2.60 0,009 0.018 Tee 
Various Leadings te 

No Load 

26 amperes 4.60 0,016 0.020 8.0 
31 amperes 1.8), 0.018 0,020 8.0 
37 amperes 4.0 0,019 0.019 7.6 
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Final Stage Amplifier Contrel Circuit: 


No Lead To Mp! Rise Time Settling Time 
Various Loadings In Sec, In Sec, - In Cycles 
26 amperes hh.O 0.006 0.03 1230 
31 amperes heb 0.008 0.03) 13.6 
37 amperes 13.0 0.009 0.0h,2 16,8 
Various Leadings te 

No Load 

26 amperes 8.2 0.005 0.015 6.0 
31 amperes 8.3 0.007 0.019 706 
37 amperes 7,00 0.010 0.020 8.0 
Final Stage Amplifier Main Power Circuit: 

Ne Lead To 

Various Loadings 

23 amperes 173 0.002 0.0 16.0 
30 amperes 6.25 0,002 0.0 16.0 
35 amperes 5.65 0.002 0.0 16.0 
Various Loadings te 

No Load 

25 amperes 6.27 0.002 0.0 16.0 
30 amperes 6.85 0,002 0.0) 16ne 
35 amperes 7-50 0,002 0.0h 16,0 
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Generator Field Circuit: 


No Load Te Mp! Rise Time Settling Time 

Various Leadings In Sec, In Sec, - In Cycles 
25 amperes 12.0 0.006 0.0)2 16.8 

30 amperes 12.7 0.007 0.010 16.0 

35 amperes 8.9 0.005 0.0h2 16,8 


Various Loadings to 


No Lead 

25 amperes Tel 0,001 0.05 20.0 
30 amperes 6.69 0.001 0,05 20.0 
35 amperes 4.40 0,002 0.052 20.8 


Magnetic Particle Clutch: 


Full Load To 
No Load 


30 amperes 1.160 0.78 1.0 1,00 


Ne Load To 
Full Load 


30 amperes 1.136 0.64 1.0 1,00 
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Preamplifier Control Circuit: 

There is a slight difference in the overshoot values for the load~ 
ing condition as compared to the unloading condition, The rise time and 
the settling time increase with application of greater loadings; however, 
the rise time and the Settling time for the unloading condition are the 
same, There appears to be a greater tendency to oscillate initially for 
the loading condition but this tendency is reduced exponentially with 
time as shown in figure 43 , 

Bias Control Circuit: 

The Mp's for the loading condition de not follow the conventional 
pattern in that up to full load they increase, but fall off abruptly with 
further loading, The opposite effect is neted in the unloading condition 
in that up to full load the Mp' decreases and with further application of 
load the Mp! increases, There is a markedly different rise time for the 
increasing load, It is nearly four times longer than the unloading rise 
time. It must be recognized that for the Bias Control Circuit the Mp! 
never leaves the two percent band with respect to the final steady state 
value although the curves in figures 4/ and 42 would indicate poor 
response time, For this circuit only the virtual final steady state was 
the reference for response time, 

Final Stage Amplifier.Control Circuit: 

The Mp's for the leading conditien are surprisingly large when con- 
Sidered with respect to the conventional servomechanism values ranging 
from 1.2 te 1.6, The Mp's for the loading condition are nearly twice the 
values for the unloading condition; however, the rise times are comparable, 


For the higher values of leading the rise time is higher which is alse 


8), 








true for the settling time, It means that though the value of Mp! may 

be large the response time is quicker than noted in the previous circuits, 
Thus there is a definite relationship which exists between Mp! and rise 
time. Lastly the tendency to oscillate with application of load is noted 
but decreases rapidly exponentially with time. 

Final Stage Amplifier Main Power Circuit: 

The most striking phenomena to be noted is the same rise time and 
settling for both the leading and the wnloading condition, Such is not 
the case with the Mp's, For the leading condition, the Mp's decrease 
with increase ef leads however, the opposite condition is true for the 
unloading condition, The Mp's increase with increasing load, The tend- 
ency te escillate with application of load is noteds; however, the rapid 
exponential decay is very favorable, thus securing desirable and reason- 
able response time characteristics. 

Generator Field Circuit: 

The Mp's for the loading condition are nearly twice the unloading 
condition whereas the rise times are over five times greater, The re- 
sponse time, settling time, is the noteworthy consideration in that final 
steady state value is realized very quickly. The tendency to escillate 
is prevalent, but is damped very quickly as indicated in figures 90 
and 49 . 

Magnetic Particle Clutch: 

The Mp's are reasonable when compared with the standard servomechan- 

ism definition, However, the rise time and the settling time are meas- 


ured from the initial step rather than the second step, thus accounting 


for the relatively higher values. 
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The very high values for Mp' is explained on the polar plot basis, 


Locus of 
KG 





The regulator would be classified as a Type Zere System. Thus the gen- 
eral contour of the locus of K G would be as indicated in the above dia- 
gram, The lecus is such that it comes very close to the -1+4¢ point, 
which would account for the high values of Mp'. Secondly the frequency 
is so high that the transient passes through this point very quickly and 


stability is maintained, 
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(D) The Significance of the Photographic Data, 

The same procedure for analyzing the photographic data with refer-~ 
ence to the junction points in figure COA will be fellowed, It should 
be kept in mind at all times that the desirable eutput wave shape of the 
alternator is a sine wave with respect to both the voltage and the cur= 
rent, The means of securing this wave shape is by using as nearly awi- 
directional non-pulsating direct current as may be obtained and by the 
proper design of the rotor and stator with respect to slots and windings, 
This is extremely brief in the statement of the resulting output wave 
shape, but it is stated only to reemphasize the importance of the funce 
tioning of the various components, It is te be noted that the very 
nearly perfect output voltage wave is realized, and there is only a very 
slight deviation in the current wave shape. These facts are indicated in 
figure 0! « The importance of the current and wave shape will be rec- 
egnized when it is remembered that the voltage leop is sensitive to out- 
put voltage from the synchrenous alternater, while the current loop is 
sensitive to line current. Now if these reference waves are practically 
pure sine waves, then the analysis is much simpler. 

The Detector Transformer T1-27C61-2 characteristics are shown in 
figure 52 . The primary current wave is nearly a pure sine wave although — 
there is a slight deviation in the primary voltage wave. This slight de- 
viation is very likely due toe the physical design of the stator and the 
method in which the mnf's add, 

Now if the flux wave follows a sine wave, the current causing it is 
not likely to be sinusoidal but contains harmenics, These harmonics 


result from the saturation effect in the transformer, The only way in 
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which the current wave could be a sine wave would be to have a linear 





saturation curve, Now the secondary current and wave shape forms show 
the deviation from the true sine wave which is caused by the saturation 
of the core, 

The output characteristics of the Tripler Reactor L1-38B55=2 are 
shown in figure 53 . The interesting point to be noted is that the out- 
put voltage is a very good sine wave while the current shows a definite 
harmonic composition, These output characteristics are elaborated on in 
detail later in this chapter, 

The Rectifier 1-););B30=-2 shows the rectified voltage and current 
which is the control characteristics of the Preamplifier 35063-2, It is 
best to reemphasize at this point that we are concerned with current which 
is used to saturate the core, The current wave is a rectified complex 
wave, but the average current value for each cycle is uniform and per- 
lodic. Now notice the voltage wave which has a negative section, 

These characteristics are duplicated in the Rectifier 9-~))):\C190-2 
shown in figure 5+ « Even though the voltage goes negative the recti- 
fied current is positive, The average current is slightly less than the 
maximum value due te the fact that rectification is not effective for a 
full cycle. Nonetheless it is considered effective in this instance be- 
cause this picture only represents one third of a unit. When the units 
are connected for three phase operation, a better pulsating current is 
obtained which has a periodic wave, The direct current level is high 
with a relatively small ac level. Now the input alternating current 
characteristics deviate only slightly from the pure sine wave, 


Considering the Rectifier 2-)l:C79-2 which is the bias winding recti- 
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fier it is seen that the wave shapes of the input veltage and current 
deviate considerable from the pure sine wave, The current wave shape has 
a clipped section which indicates the possibility of saturation, This, 
however, may be a characteristic of this type of selenium dry disc rec- 
tifier which is operated in 39 half wave rectification, The output volt- 
age shows a relatively low ripple factor and the direct current level is 
high, The current is the significant characteristic. It is pointed out 
that the current is an acceptable rectified direct current, 

The successful degree of rectification of current in the three input 
currents is as follows: 

(1) Bias current, 95% complete rectification. 

(2) Control current, 85% complete rectification, 

(3) Main power current, 80% complete rectification. 

It is to be remembered that the output current wave form from the 
Preamplifier 35063-2 which is shown in figure 57 is the resultant effect 
of the three input currents. It is true that the output current is the 
physical sum of the three main power phase rectification, but this wave 
shape is the result of the saturation effect on the core. Even with this 
effect present, the degree of rectification is 85%, It is also periodic 
which is a very desirable characteristic. 

One of the characteristics of the rectifiers analyzed thus far is the 
fact that the voltage wave sometimes goes negative although the current 
wave is always positive with respect to the zero direct current level. 
This characteristic is most pronounced in the output voltage wave shape 
shown in figure &7 , 

The characteristics of the rectifier wit RECT ))C20-2 are shown in 
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figure 36 « The input current and voltage wave shape show the pronounced 
effect of saturation, The input current resembles the desired rectified 
direct current; however, this characteristic was observed in the recti- 
fier wit 2-))\C79=-2, The main consideration is the output current. As 
indicated in the picture, this wit has the highest degree of rectifi- 
cation, It is of the erder of 97%. It must be remembered that the pic- 
ture indicates only one third of the rectifier unit. In addition these 
rectifier units are connected such that the units are phase sensitive, 


In short, the complete picture for 360 degrees would be as follows: 





| 
| 


[Rect Unit li Rect Unit Rect Unit | 







120 240 560 
The voltage wave is a complex wave, but it is to be noted that the volt- 


age wave does not go negative thus indicating a better degree of recti- 
fication. 

The output characteristics of the Final Stage Amplifier 35D96=2 are 
the main characteristics to be considered, It is the current which must 
be as nearly non=-pulsating unidirectional as possible in order to secure 
a uniform field, Figure 44 shows the output characteristics of the 
Final Stage Amplifier which are also the generator field characteristics, 
It is shown that the direct current level of the current is high, In 
short, the generator field current is considered to be a highly recti- 
fied practically non-pulsating unidirectional current. The third pic- 
ture in figure 64 shows that when the wave is magnified one hundred 
times there is an alternating current ripple, The degree of rectification 


is 99% effective, However, the voltage wave shape though periodic is a 
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very complex wave and gees negative in part. 

Four different degrees of rectified current have been shown and it 
indicates that each degree of rectification is satisfactory te accem- 
plish its purpose, This means that some units are used in order to get a 
better degree of rectification. However, the excitation for the magnetic 
particle clutch is rectified current, and the general wave shape approaches 
a sine wave, This is show in figure? . It is realized that this 
wave has an average value which is steady as the rectified current wave 
shape is periodic. Thus the functioning of the magnetic particle clutch 
is not impaired, 

The output voltage of the tachometer permanent magnet generator is 
shown in figure 5 9 « This is presented to show that in direct current 
generators there may be a slight ripple in the voltage and current wave 
shapes, 

Figure 6 3 shows the output voltage of Preamplifier 35C063-2, It is 
shown that the voltage goes negative for a part of the cycle although it 
is remembered that the current wave shape was never negative although 
there was a relatively high ripple factor. 

Figure G4 shows effectively how the main pewer currents for the 
Final Stage Amplifier combine to give the desired uhidirectional gener- 
ator field current even though the generator field voltage is a pulsating 
type function with a few negative parts. 

To indicate how the various cores may effect the output wave shapes 
refer to figure 57 « The main power voltage and the output voltage of 
the Preamplifier Stage 35C63-2 are shown. The saturation effect is mest 


pronounced, 
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It will be recalled that earlier the output characteristics of 

the Tripler Reactor 11-38B55-2 were described, It was noted that even 
though the voltage wave shape was a sine wave, the current wave most 
definitely had harmonics introduced, Figuresé0 , ¢/, and G2 show 
transient wave shapes and steady state wave shapes for voltage. In 
figure G/ the steady state voltage is shown and it is to be noted that 
there is a very high degree of third harmonic voltage. The transient 
photegraphs indicate most emphatically the effect of a high degree of 
saturation in the core, Lastly the R C and RL type of transient are 


indicated in the composite transients, 
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CHAPTER VII 


CONCLUSIONS AND DISCUSSIONS OF RESULTS 


_ This research was prompted by the Bureau of Ships' enclesure, which 
was quoted in Chapter II, Whereas the answers te many of the questions 
asked must remain unanswered, it is unhesitatingly stated that some of 
the questions can be answered in part. Nonetheless from this investigat- 
ion, it is felt that the answers are ebtainable in a generalized form 
which may be applied to specific situations, 

The answers that are given will be based on the study just complet- 
ed. No attempt will be made to answer the questions from a motor, 
magnetic particle clutch, speed regulator, voltage regulator, and syn- 
eiietieus point of view. Rather the answers will refer to the synchron- 
ous generator and voltage regulator as indicated in the block diagram, 
figure 20-A. 

Question 1. Which mech characteristics of the motor and generator 

) used in a motor generator must be known to permit the 
design and construction of the voltage regulator before 
they are available to experiment with? 

Answer: The generator characteristics for the synchrenous 

alternator which must be known are: 

a, The saturation curve, magnetization curve, for the 
synchronous speed from zere field current to twice 
no lead field current, 

b, The voltage regulation curves of the synchronous 


generator from 70% rated terminal veltage to 125% 
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Question 2, 


Answer: 


rated terminal voltage, 
c. The general specifications which define the syn- 


chronous alternator, i.e.: 


Main Specifications: 


Capacity, K W Terminal Volts, full lead 

Power factor Amperes line, full load 

Capacity Regulation at P. F, 

Number of phases Frequency 

Type of coupling Maximm allowable temperature 
rise 


Secondary Specifications: 


Type of pole construction Mean gap density 


Pitch factor Type of internal connect- 
ions 


Ratio of Pole arc to Pole Differential factor 
Pitch 


Peripheral current density Leakage reactance drop per 
phase volt 


How can we measure these characteristics? 

a. The magnetization curve for the synchronous alter- 
nator may be obtained by separately exciting the 
alternator field and recording the terminal volt- 
age and field current: Figured? . 

b. The voltage regulation curves for the synchronous 
generator are obtained by separately exciting the 
synchronous alternator to the desired terminal volt- 


age and then loading the synchronous alternator. 


Figure <! . 
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c, The general specifications which define the syn- 
chrenous alternator are always known, and these 
quantities can usually be readily verified, 

Question 3. How closely must the range of permissible values for the 
machine characteristics be specified in order te 
avoid the necessity of building an excessive range of 
adjustment into the voltage regulator? 

Answer: It is felt that the manufacturers could build a mach- 
ine with the desired characteristics and very close 
tolerances, It wouldvery likely be extremely expen- 
sive compared to the conventional design, The same 
characteristics would have to be evaluated and their 
range would be known, Nonetheless the necessary correct- 
ive action of the voltage regulator would be known from 
the regulation curve in order to obtain constant ter- 
minal voltage. It is considered more feasible to have 
a wider range of operation in the voltage regulator te 
compensate for nermally acceptable synchronous generat- 
ors than spend great sums in trying to improve in- 
herent regulation in the Syieiaedietic ‘Penerator, 

Question }, Can the machine designers design their machines with 
sufficient accuracy so that we can be sure the machines 
will actually have machine characteristics within the 
specified ranges of values? 

Answer, It is felt that the art of machine design certainly has 


reached the state where the machine designers can pre-~ 


ree 


Question 5, 


Answer, 


dict what the machine characteristics will be within 

the specified ranges of values, 

If I know the specified performance characteristics 

for the complete unit, what values must be specified 
for the machine characteristics in order to arrive at 
an optimum design for the complete unit considering 
weight, space, cost, and ether pertinent factors, 

It would require a most intensive study to arrive at an 
optimm design, First, it would require a clearly de- 
fined priority of eptimizing characteristics, Secondly, 
it must be decided what the optimm value for each 
characteristic is. Lastly, it must be confirmed that the 
various optimized characteristics are compatible. For 
instance, the minimm cost is not necessarily come 


patible with weight and space, 


The Bureau of Ships! letter was indeed a thought provoking question- 


naire, but it can be answered and will be answered in time. Now refer to 


the voltage regulator system; 


l. The application of linear servomechanism theory is feasible, 


2. A proposed transfer function relating the generator field current 


and the line current has been formulated. This represents the 


first approximation until this transfer function has been evalu- 


ated, 


3. The various characteristics and components are not all linear, 


The three categories are classified below; 


A, The following characteristics and components possess linear 


1Z2 





he 


Se 


characteristics, 
1. The normal operating region of the magnetization curve 
is linear, ; 
2. The Detector Transformer T1-C766~2 
3. Bias Rectifier 2<1)),C79=2 
hh. Preamplifier 35C63-2 
5. Main Power Rectifier )C20-2 
6. Final Stage 35D96~2 
B. The following components deviate only slightly from a linear 
characteristic thus permitting the utilization ef linear 
theory. 
1. Tripler Reactor Li-38B55={2 
2. Rectifier RECT 1—););B30—2 
C, The following component, Current Transformer 27C68-2, de- 
viates considerably from a linear characteristic; hewever, 
sectional linear application is feasible, 
The transient characteristics of the units analyzed apparently 
present an unusual cencept in servomechanism theory, The cor- 
relation between the Mp', the rise time, andthe settling time 
must be investigated further, 
The very high values of Mp's must be evaluated more completely 
in order to relate this to known standards, If this is not feas- 
ible, then new definitions must be accepted to define properly 
this phenomena, 


The Magnetic Amplifiers can be considered as gain devices with 


linear characteristics. 
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Te 


9. 


The various rectifiers used de not have the same rectifying 
characteristics, Thus, the degree of rectification depends on 
the application of the applied rectified current. As evidenced 
by the generator field current, the nearly non-pulsating wmi- 
directional current is realized, 

The overall voltage regulator system is very well designed 

from a steady state and transient operation view point. It will 

hold terminal voltage constant through 130% full lead, It can 
be step functioned through 10% full load current and still 
operate within designed Limits, 

The specific characteristics of the voltage regulator which make 

it operate effectively are: 

A. it is very sensitive to voltage andcurrent changes, 

B. The current leop tends to regulate independently of the wellte 
age loop, thus having the effect of a regulator and an anti- 
hunt - dampening device, 

GC. The physical design of the various building blocks is such 
that for a given load change, the corrective incremental 


field current is supplied with the proper polarity. 
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CHAPTER VIII 
RECOMMENDATIONS FOR FURTHER STUDY 


The most that this thesis could aecemplish was to set up the equip- 
ment, adjust it as necessary to insure preper operation, investigate the 
inherent characteristics of the generator and voltage regulator, and an- 
alyze the results obtained, This investigation was accemplished, There 
are, however, many many mere problems yet to be selved before the Bureau 
of Ships! questions can be fully answered, 

First, a proposed transfer function relating the generator field 
current and the synchreneus alternater's output current has been stated. 
This was developed as indicated in Appendix II, Hewever, there is much 
work te be dene in obtaining numbers for this transfer function, The 
physical parameters of the system must be evaluated, Finally, there is 
no definite assurance that the preposed transfer function represents the 
best expression for the system; revisions may be necessary and describ- 
ing functions may be needed to replace some of the transfer functions, 

A study of the magnetic amplifiers themselves is in order, It 
would be a relatively easy matter te determine the parameters of the mage 
netic amplifier and see what better arrangement might be used in accom- 
plishing the amplification. Since the output current of the final mag- 
netic amplifier stage is basically a triple function relationship of main 
power current, control current, and bias current, it would seem in order 
to determine exactly what these relationships are, 

The references which were utilized in becoming familiar with the 


characteristics of the subject of magnetic amplifiers and rectifier are 
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listed in the Bibliography, 

Transient tests, particularly those evaluated at intermediate points 
in the system, indicate that the damping criteria associated with basic 
servomechanism theory may not be applicable to the operation of the volt- 
age regulator, Therefore, it seems likely that a study of the importance 
of transient evershoet, resonant frequency, settling time in voltage 
regulators, should be made, This study might even be extended to the 
fundewenta’ problem of determining performance criteria for the general 


class of type zere servomechanisms, 
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APPENDIX I 


INSTRUMENTS USED IN RECORDING DATA 


Weston Electrical Instrument Cerporation Ammeter, Model 133, Scale 
5/20/50 AC Amps,Cycles 5 - 500. ; 

Reller Smith Ce. Voltmeter,Type N P,A C Scale 0-750 volts , Frequency 
15 to 100 cycles, | 

Weston Electrical Instrument Cerporation,Medel 931,Serial 78):5,Scale 
O-3,0 amperes direct current ammeter, 

Westen Electrical Instrument Cerperatien,D. C. Voltmeter, Medel 931, 
Serial 5550,Seale 0-15 velts. 

Weston Electrical Instrument Cerperation AC Ammeter,Model 133 ,Serial 
81921,Frequency 25 - 500 cycles, Scale 0-250 Milliamperes. 

Weston Electrical Instrument Cerporation AC Voltmeter, Model Fee). 
Number 9));11,Frequency 25 - 500 cycles,Scale 0-150 volts, 

Weston Electrical Instrument Cerporation AC Ammeter, Model };33, 
Serial Number 81897, Frequency 25 = 500 cycles, Scale 0-250 milli- 
amps, 

Weston Electrical Instrument Corporation AC Voltmeter, Model 1,33, 
Serial Number 61192, Scale 0-150V, Frequency 25 - 200 cycles, 
Westen Electrical Instrument Cerporation AC Ammeter, Model L335 
Number 61:28, Scale 0-100 ma, Frequency 25 - 500 cycles. 

Weston Electrical Instrument Corporation AC Voltmeter, Scale 0- 

150 volts, Type 33, Frequency 25 - 21,00, 

Westingheuse DC Ammeter, Type PX - h, Serial 2357166, Seale 0- 


50 milliamps. 
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Westinghouse DC Veltmeter, Type PX - |, Serial 2357134, Scale 0- 
50 volts, 

Westen Electrical Instrument Cerperation AC Ammeter, Medel },33, 
Serial 936, Frequency 25 = 500 cycles, Scale 0-100 milliamps. 
Westen Electrical Instrument Cerperation AC Voltmeter, Medel 33, 
Serial Number 61115, Scale 0-150 volts, Frequency 25 = 21,00 cycles. 
Weston Electrical Instmment Cerperatien DC Ammeter , Type 931, 
Serial 8671, Scale 0-150 ma, 

Westingheuse Type PX - , DC Veltmeter, Scale 0-50 volts, Serial 
2357107. 

Weston Electrical Instrument Cerporatien DC Ammeter, Model 931, 
Serial Number 8683, Scale 0-150 milliamperes. 

Westen Electrical Instrument Cerperation IC Voltmeter, Medel 15, 
Serial Number 62):27, Scale 0-300 velts. 

Weston Electrical Instrument Cerperation DC Ammeter, Medel 931, 
Serial Number 8536, Scale 0-250 milliamps, 

Weston Electrical Instrument Corperation DC Veltmeter, Model };5, 
Serial Number 621,16, Scale 0-300 velts. 

Westen Electrical Instrument Cerperatien AC Ammeter, Model }:33, 
Serial Number 8171), Frequency 25 = 500 cycles, Scale 0,0-2.0 
amperes, 

General Electric AC Veltmeter, Type AP - 9, Serial Number 1111322, 
Scale 0-300 volts, 

Weston Electrical Instrument Cerperation DC Ammeter, Model 15, 
Serial Number 52765, Scale O-1.5 amperes, 

Westen Electrical Instrument Cerperation DC Veltmeter, Model 1,5, 
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Serial 62,18, Scale 0-300 velts. 

y - Weston Electrical Instrument Cerperation DC Ameter, Medel 931, 
Serial Number 8552, Seale 0-30 amperes. 

z=- Weston Electrical Instrument Cerperation DC Voltmeter, Model 931, 
Serial Number 55:3, Scale 0-150 velts. 

aa- Weston Electrical Instrument Cerperatien AC Ammeter, Model 133, 
Serial Number 871,8), Scale 5/20/50 amperes, Frequency 25 =- 500 
cycles, 

bb- Weston Electrical Instrument Corporation AC Voltmeter, Serial 
number 61135, Scale 0-150 volts, Frequency 25 - 21:00 cycles. 

co= Weston Electrical Instrument Corperation Wattmeter, Serial Number 
752, 7.5 = 15 KW, 150 = 300 V, 75 amps, 

dd- Weston Electrical Instrument Corporation AC Ammeter, Model }:33, 
Serial 87180, Scale 5/20/50 amperes, Frequency 25 = 500 cycles. 

ee- Weston Electrical Instrument Cerporation AC Voltmeter, Serial 
Number 60030, Scale 0-150 V, Frequency 25 - 21,00 cycles. 

ff- Weston Electrical Instrument Cerperation Wattmeter, Serial 719, 
7.5 = 15.0 KW, 150 = 300 V, 75 amps, 

gg- Weston Electrical Instrument Corporation AC Ammeter, Medel 1:33, 
Serial 10706, Scale 5/20/50 amperes, Frequency 25 - 500 cycles. 

hh- Weston Electrical Instrument Corporation AC Veltmeter, Serial 
61158, Scale 0-150 volts, Frequency 25 = 2,00 cycles. 

44- Permanent Magnet Generator, Serial 672, RPM 6000, Terminal Pred- 
ucts Cempany of Racine, Wisconsin, 

jj- DC Amplifier, Model BL ~ 932, Mfg. by The Brush Development Co, 


kke Direct Inking Oscillograph, Model BL 202, Mfg. by The Brush Dev- 
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elepment Ce, 





li- Tektronix Inc. Type 512, Cathede Ray Oscillescope, Serial 1222, 
mi=- Dumont Bolsey Oscillegraph Record Camera, Type 296, Serial 6x98, 
Raptar Number 967816 Wellensak 115mm £/28 


m- Hewlett Packard Frequency Ceunter, Medel 52)A, HP Meter AN/TSM-9, 
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APPENDIX II 
Derivation of Transfer Functions fer the Various Compenents in the 


Voltage Regulator System, 


(A) Transformer 


(B) Full Wave Rectifier 


(C) Tripler Reactor 
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The Transformer: 


b Ky 
L, 3m sy Re 
MokVL, Lz 


For U (t) to primary then current response in secondary goes to a 
maximum then back to zero while the primary increases from zero to a 


value dependent on the primary resistance, 

4=R, i, + Lj dus M de 

O:R, 4, + Lz ds + M i. 

Take transform: 
t=R,4, (8) +L, si, (s)— L, 4, (0) + Msi, (s)~ M4, (0) 

Oe Riot, (s)+ L, s i, (s)- Les (0) + M s i, (s)- Mi, (0) 
Rearranging the above equations: 

£41, 4, (0)+ Mai, (0)= (R, + L, s) 2, (8s) + M8 4, (s) 

L, i, (0)+ Mi, (0) = Msi, (s)+(R, +L, 8) i, (s) 


The numerator determinant for the primary current 
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C4+1,4, (0)+ M4, (0)) MM 8) | 


co _= eo wae 
i, L,s) (Ms) | 
(Ms) (R,+ Ls) 
| (Rye L,s) (4b, 4, (0)+ M4, (0) ) 
z, te) : Ms (Lgi, (0) Mi, (0) ) | 


D 


(R,+ L, 8) Ce+th, 4, (0) +M 4, (0) =) 





(Ms) (L,4,(0)+M4, (0) ) 

+41 4, (0)+M4i, (0) ) (™ 8) 

(L, 12 (0) Mai, (0) - (R2+ Lis) 

W, (s) = 2,4, (+R, MA, (0)+ L, L, 1, (0)s+ 1, M4, (0)s) — 


(M+ML, 4, (O)stN*4, (0) sf 


(Ri + R,L, ij (0) 4 R.M4. (0) +L, + L, 1, 1, (0) s + 
S 
ML, 42 (0) s)-ML, 1, (0) s - M4, (0) s 
W+ (s)= ofe(%. ba 42 (0)+ L,M4, (0) -ML 4, (0) -M*4, (0)]4 
PR, L, 4, (0) +R, M4, (0) - ¥] 
s* {La by i, (0)+ML, 4, (0) -MLj4, (0) - M" 4, (0), 4 
5 (Ral, i, (0)+ R, Mi, (0)+ L2} Rs. 
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Transfer Fimction with initial conditions included 


Wr (s)= s{s[L, Lai. (0) -M*4, (0)} + [/R, La 4g (0) + R,M 4,(0) 
-“q} 
Be 
s@ | Lh, i, (0) - MP4, (O)] + s[R,L,4, (0) +RyM dQ (0) 
+ La | + R, 


Transfer Kimction with initial conditions 


W (s)= s (A) 
sB+C 
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Derivation of Full Wave Rectifier Transfer Function: 


e(t) 





h RA + 
mh Cn th 
a(t) = } Sin w t| 


Represented by the sum of the following emf's 

1) e, (t) = Sinwt s zero at t O 

2) e, (t) = Sinw t 3 zero at t h to cancel remainder of e, (t) 
3) e, (t) = Sinwt - gero at t h to provide the positive loop 


3 


shown between h and 2 h 
4) eg (t) = 2 Sinwt 3 zero at t=2 h to cancel the remainder of 
e , (t) and to supply the positive loop between 
2 hand 3h 
e (t) = Sinwt+ 2 Sinw (t -h) + 2 Sinw (T - 2 h) +2 Sin w (t-3h) 
+ 2 Sinw (t - nh) 


wherenh¢ t < (n+1)h 


e (s)=-“ (1+ 2 eS 4 567°) = e aie ) 
§2+ 
“y 
ly La : = 
F | aiaciiet e| C,euae 
e(t) V(t) 
= + i, q-C v (T) 


11,0 





e(t) cari, +v (t) 

v(t) e (t)-r/ TH+ der (2). | 

v (t)= e (t) -# [wr ° tu Ce) 

¥ (s) = @ (8) -#¥ (8) -rC sv (s)+ rev (0) 
¥(s)+ 2% v(s)+ rcs ¥ (s)= 6 (s)+ 70 v (0) 
v (s) jis 4 reel - e (s)+ rCv (0) 


e (s)+ rcv (0) 


v (s) ro(ze tee +8) 
ro ¥ (s) {Stu} + la e(s)+ rc v (0) 


0% (s)| Rt re j =e @)e wc # (©) 
ARC . 


v(s): 6 (8) crv (0) 
r ofRin + 8] a , 8 
v (s). e (s) v (0) 


v(s)= e(s) 4 v (0) 
plat s| [a + s | 





as - i -_nhs 
Now € (8): sat [2+ 2 oS 4 a etS 4+ De 


| . 11 











Now there are 3 roots; 


8, = - a 
8S, = jw 
8, = = 3 WwW 


For s, = =-@a 


oT (t)=w et (1+ Seer> 4 2 otis: a ) 


(b)(af + w) 
>a eb 2 thing -~1 
b [ai + wu] | ek 


General expression: 
vy, (t) = we ) 2 fut G+ e ok Of tih 


e ~ 1 





b (a2 + w% ) 


as n ——» 0 
v(t) =| 2we® 1 0 <t<h 
5 00 ee 
1-e oh 


b (ap + we ) 


The solution for 


= = + ji Ww 
v(t) - é goer (142 e Wht 2 a7 tawh 2 e-)7wh) 
en ae 





By definition 


v(t) = ° (42 9th 2 ee 2 ee oe 





b te, + gee) 2 3 


exponential series is equivalent to ( -1 hat 
v s(t) ~- (-p° 2 vt 
b 2 3 (at jw) 





Now shift the origin to nh by the substitution of t+nh 


ort +77 fort 
bu) 


v(t) = ( 1), Bo a? nf 


b23 (w+ jw) 





e ut o<tsc 





2b 34 (at jw) 


In a similar manner, the portion of the solution corresponding te 


ee 6 (UW will be 


mt, )= eve o0<+<%, 


rc2 (a-jw) 





Now the complete solution is 
ah, _-mah 


) ag — Ce #) 
v(t) (50) Gee we) asa ut-weurs ee atta ge] 


When n is made very large, we have steady state action 


13 








w(t) _ / ee 22 


l1-e 


rc (a® + w2) 


i,(s)= 2 ee -c¥ a 
R 
cm a Constant 
i, (s)> 1 is (| E ~ K, C |} where K = 
R 


where v (s)= including initial conditions 
a java) - a + ¢ fel 
R dt | 


v(t)jze (t)-r v(t)-rc dv (t) 





R dat 
v(s)se(s)-r v(s)-rc (s) v (s)+ rcv (0) 
R 
v (s)=e (s)-rv(s)-rcCsv(s)4+rCv (0) 
R 
v (s)= e (s) i C rv (0) 
relates] +S Cr en: es +S] 
ARC 
v (s): ee v (0) 
er, 
C trv 
F refine +5] La tot | 
let rc B Rtr - A 





rRC 


Figg toh 
af 


v (s)+ @ (s) v (0) 





an 
B (A+ S) (A+ S) 
i, %(e) < 1 e (s) + & (0) 
R B (A+ S) (A+ S) 
a v (t) 
R 














R 
i,(s)= 1 | &(s) v (0) 
R B (A+ S) ee s | 
i, (s) 1 | (s) + v ° 
i, (s)_ R LB (A+ 8) (A +8) 
= e (s) v (0) =e 
R |B (A +S) (A +S) 
a (s) z is 
4, (s) GK, C) 
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The Tripler Reactor: 
In this unit the primary is connected wye while the secondary is 


connected open delta: 


Hye: 
V A delivered: V A out of secondary - open delta 
3 Vpla=¥3 Me qT, {3 Vy Js 


Now the secondary = opén delta means that 

ideally there is no fundamental but there 

will be a 3rd, 6th, 9th harmonic etc. be- 

cause the core is well saturated, The pre- 

dominant value ef harmonic will be the 3rd. 
The general type of expression for the Tripler Reactor for the 


Transfer function would be valid and is indicated below: 


U6 








{3 ON, 


Now the reduction of the V A rating for the normal delta when it is 
operated 

open delta is 58% 

Input VA= Taig, Vb; Wye connection 
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Output = Waa | | VAse| = VA under 


normal conditions 


Open /\ output : -_/ [*1- vI 
{3a {3 


Output VI 1 1 
oo be 


Input = 3 7r er 





Now for an expression of the currents 
The I, N, must equal I, Ny 


Input I, wye = Ip wye 


s 


Ip wye = Ipdelta |N4 





Output 
N wye 


ratio of output te 


input is in the ratio of the turns N 


Now the transfer function for the tripler reactor may be expressed as: 





~o (8) : Na \Z W (s) [transformer as indicated 
L, (s) N in transformation for regular transformer, 


——= 
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APPENDIX III 


Derivation of General Solution for Determining the Roots of a Cubic 
Equation 


9 


Fine's College Algebra: 


General Solution of cubic equation: 
(1) x2 -3x*+ Sxt6:0 
let x= y+ k 
(y+ky -3lvtxyY +5 (y+k) +6 0 


y?4 3y%*k+3yk' +k? 
~3y*% -6yk-3k” 
Sy t5Sk 
+ 6 
vig yi (3k -3)4 ¥ (3k? - 6445) tr (k* -3k + 5 Re 


Now let 3k - 3 =0 


tb 
= 


k 


3) y (3-645) ¢(11-3 457 6)= 0 


mot yy (3 
y> +t 2y¥+9=0 
* the general cubic equation can be expressed as: 
(a) x°4 pxtq-* 0 
with the x*term lacking. 
Now let xy +2 


Substituting this expression in the above equation (a) 


yt 3yte2+¢3y¥27°t+ 2° + p(y +2) ta~0 
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(bo) yS+ at (3 y2 4 p) (y+2z) +q= 0 


Now the variables y and z are subject to the single condition 


expressed in (b) one can impose the condition: 
3y7y8# + p=0 


(b) is reduced to y°>+ 23+ q= 0 


yous 2 <p 
27 


Now y 2 and 2? are the roots of a quadratic equation of the form: 


u" + qu-p3:0 


4 

g°%= 15 -q _ : 
2 $+ LO 

4 7G 


the only pairs of the value of y, z which satisfy the desired conditions 


aré ?t 


ou 


#1. #2 
yz fa uVn wpa 
ee 3 a ws 


Now if we apply these roots to 


x+ Y= Z 


va + fa 

: Wat w/a 
3 3 

— y At wV 3. 


of 
te 





The general discussion of the solution: 

If p and q are real, the character of the roots are dependent only on the 
value of 

p> 


q? 
D = 
in 27 


(1) if DD oO ) one root is real and two are imaginary 


(2) If Ds O , all the roots are real and two are equal 


(3) If D<O ._ all the roots are real and unequal 
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Now if Dc O this means that the discriminant is negative, 


A and B are conjugate imaginaries, 


This means: 
Az ~q+i 
2 
B= -qei 
2 





Azr (Cos 6+ i Sing ) 


B= r (Cos@ - i Sing ) 





where 
gt -q -p3 ]% -ps he 
“Taw oon | =| 
Cos —- -qG& - 74a] ~27 hn 
; 2 | ae 
w= (-1 173) 
2 


wor (Fae t 7 3 ) 
2 


5 
x, = CN eG Cos 9 / 3 


3 
X, = 27 xr Cos 9G + 2 97 
3 
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Further 











APPENDIX IV 
THE THEORY OF OPERATION OF THE VOLTAGE REGULATOR SYSTEM 


AND THE 
GENERAL CHARACTERISTICS OF THE MOTOR, CLUTCH, AND GENERATOR UNITS 


Te understand hew the voltage regulater system functions effective- 
ly when operating properly, it is best to start with the building blocks 
which comprise the system, Consider the current loop first. 

The current leop comprises the current transformer 27C68-2, the 
rectifier }:C20-2, and the final stage amplifier, 35D96-2, The current 
transformer is constructed such that the primary carries the output line 
current of the alternator while one leg of the secondary winding connects 


to the primary winding. This is shown in the fellowing diagram: 





FT secondary 


This means that one part of the totally applied voltage to the 
regulator is the line to line voltage of the alternator. Now the 
physical construction of the transformer is such that the load current 
induces an emf in the secondary. This induced emf is the second com- 
ponent of the tetally applied voltage te the regulator, The resultant 
voltage is the vector sum of these two voltages, Further, since the 
secondary winding can be considered as an inductor in series with the 
main pever winding of the final stage amplifier at low loads, there will 
be a relatively large voltage drep across this inductor, However, as the 


load increases, there will be an induced emf in the secondary which will 
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counteract this drep, At no lead then the applied voltage will be less 
than the line te line voltage of the alternator by the voltage drop in 
the secondary windings, The generator field current is a minimmn, 
nonetheless the generator output tends te be greater than when load is 
applied, Thus there is seme regulator action indicated exclusive of 
the veltage leop, 

The purpose of the rectifier RECT 1 ~ }):C20-2 is to change the 
alternating current veltage te a direct current voltage which can be 
applied te the main pewer winding ef the final stage amplifier, 

New the heart of the successful operatien of the voltage regulator 
system is the magnetic amplifier. We must focus our attention on the 
three different windings which are embodied in the magnetic amplifier. 
These windings are the main pewer winding which is in series with the 
output circuit, the control winding, and the bias winding, These are 
shown schematically in figure! % . 

The purpese of the bias winding is te set the operation of magnetic 
amplifier to a predetermined condition such that with a given centrol 
current there will be the desired output current, The bias winding is 
wound such that it tends to saturate the core of the magnetic amplifier, 

The control current for the final stage amlifier is the output 
current of the preamplifier, The contrel current winding is so wound 
that an increase of current will tend to desaturate the core, It is 
wound eppesing the main power winding and the bias winding. Thus it 
can be seen that the output current will be a function of the main power 


current, the contrel current, and the bias current with due consider- 


ation of the respective polarities. 
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Now consider the voltage loop which consists of the Transformer 
T1-27C61-2, the Tripler Reactor L1-38B55~2, the Bridge Rectifier, Rect 
1=1;B30-2, and the Preamplifier 35C63-2, 

The purpose of the transformer is te take the output voltage of the 
alternator which is the reference voltage and by using the wye delta 
combination obtain the desired input te the Tripler Reactor. 

The Tripler Reactor is connected wye - open delta which means that 
the output voltage (secondary voltage) has a frequency of three times 
the fundamental of the input (primary) frequency. In addition the 
output voltage magnitude is three times the third harmonic output volt- 
age of the delta. This increase in frequency is desirable from a 
rectification consideration because the ac ripple in the output of the 
rectifier will be much less than a 00 cycle ripple, This physically 
means that the output rectified voltage is closer to the ideal direct 
current voltage. Thus pulsation effects are diminished, 

Now the control current for the Preamplifier, which is the output 
of Rectifier -1););B30-2,will aid the main power winding in saturating 
the core, However, the bias winding oppeses the main power winding, 
and will cause desaturation of the core, Thus the output current of the 
Preamplifier (Control Current Final Stage) is actually a function of 
the main power current, the control current, and the bias current, 
with due regard for the respective polarities, 

New that the respective building blocks are known, and we have 
specified the physical arrangement of the building blecks as indicated 


in figure 20-0, the following operations will result with an application 


of load, 


aly 


The output voltage ef the alternator instantaneously will fall. 
This means & reduced voltage out of the transformer and the Tripler 
Reactor, which means a lower value ef control current for the Preamplifier. 
The main power current will likewise be reduced, due te decreased alter- 
nator voltage. The bias current will also be less, 

Now consider the effect of saturating the Preamplifier core, The 
main power winding current and the control current winding are wound 
aiding, while the bias current winding is wound opposing, The control 
and main power current will cause desaturation, while the bias winding 
will cause saturation, The net effect will be desaturation relative te 
the cores magnetic state prior to the application of the lead. Thus 
the output current (contrel current for the final stage) is reduced, 

Now consider the current loop, With an increasing load current, 
there will be an increasing induced emf in the secondary of the current 
transformer, The vector sum of the induced emf and the line to line 
voltage of the alternator will cause ae increased voltage across the 
Rectifier unit Rect 1-))),C20~2, 

Now the bias winding and the mainpower winding are wound aiding, 
while the control winding is wound opposing, There will be an increas- 
ing saturation of the core from the control current and the main pewer 
current,with desaturation from the bias current. The net effect will be 
saturation ef the core, thus increasing the output current (generator 
field current) to compensate for the increase in load, 

The various building blocks and general characteristics of the 


building blocks is indicated in the following list. 
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MOTOR-~CLUTCH-GENERATOR SET 


MOTOR 
Manufacturer _ Continental Elec. Co. 
Type and Size. Induction - N32h<-X 
Type of Rotor Squirrel Cage 
Hersepewer Output 15 

Speed (full lead) 3530 rpm 

Voltage WhO velts 

Frequency 60 cycles 

Ne poles fe 

Connection Wye 

Stator Current 19 amperes 

Phases 3 

Torque Class Normal 

Current Class Normal 

Insulation Class B 

Ambient Temperature 50 deg. C 

Duty Continueus 

Navy Service Classification A 

Mounting Horizontal (Deck) 
Degree of Enclosure Drip ~- proof 
MAGNETIC — PARTICLE CLUTCH 

Medel 32 D67=2 
Manufacturer Vickers Electric Div. 
Horsepower LO 

Speed (normal) 3:28 
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Maximum Slip 
Coil Voltage 
Coil Current 
Degree of Enclosure 
Duty 


Ambient Temp. (max, ) 


Navy Service Classification 


GENERATOR 
Manufacturer 

Type and Size 

Roter 

KVA 

KW 

Power Factor 

Voltage 

Phases 

Frequency 

Speed (Synchronous) 
No, of poles 

Stater Connection 
Stator Current 

Field (Rotor) Voltage 
Field (Rotor) Current 
Insulation Class 
Ambient Temperature 
Duty 
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10% 

2 volts 
1,53 amperes 
Drip - preof 
Continuous 
50 deg. C 


A 


Continental Elec. Co, 
Synchrenous = 32))X 
Field 

6.25 

5.00 

0.80 

120 volts 

3 

00 cycles 

34:28 


30 amperes 

125 volts, D-C 
1.5 amperes, D-C 
A 

50 deg. C 


Continuous 





Mounting 


Degree of Enclosure 


Navy Service Classification 


MOTOR CONTROLLER 
Manufacturer 

Type 

Size 

Voltage 

Horsepewer 

Full Lead Current 
Phases 

Frequency 
Operation 

Duty 

Ambient Temperature 
Insulation Class 
Degree of Enclosure 


Mounting 


Navy Service Classification 


MASTER SWITCH 
Manufacturer 
Type 
Rating 


Klements 


Operation 


Herizontal (deck) 
Drip - proof 
A 


Ward Leenard Elec. Co. 
17039 - Across-The-Line 
2 

40 AC 

15 

19 amperes 

3 

60 cycles 

Magnetic, Semi-Automatic 
Continuous 
SO deg. C 

A 

Drip - proof 
Bulkhead 

A 


Ward Leonard Elec. Ce, 
MN 2322 -1 
LhOV, a-c, 5 amperes 


l-two position retary 
lemomentary centact 


Manual 


Navy Service Classification 
Insulation Class 
Ambient Temperature 
Degree of Enclosure 
Mowting 
SPEED =~ REGULATOR 
Manufacturer 
Model 
Input Voltage 
Frequency 
Input Current (max, ) 
Phases 
Starting Circuit: Veltage 
frequency 
current 
phases 
Parallel Operation 
Control Type 
Duty 
Ambient Temperature 
Navy Service Classification 
Degree of Enclosure 
Mounting 
Moter: horsepower 
voltage 
phases 
frequency 
VOLTAGE REGULATOR 


Manufacturer 
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A 

A 

50 deg. C 
Watertight 


Bulkhead 


Vickers Elec, Div. 
34)E33-2 

120 volts a-c 

1,00 cycles 

4.5 amperes 

1 

hhO volts 

60 cycles 

O,1 ampere 

1 

Yes 

Static Magnetic Amplifier 
Continueus 

50 deg. C 

A 

Drip - proof 
Bulkhead 


15 
hhO volts 


3 
60 cycles 


Vickers Electric Div, 


Model 

Input Voltage 

Frequency 

Input Current (Max.) 

Phases 

Output Voltage (Max. ) 

Output Current (Max, ) 

Starting Circuit: voltage 
frequency 
current 
phases 

Parallel Operation 

Control Type 

Duty 

Ambient Temperature 

Navy Service Classification 


Degree of Enclosure 


Mounting 

Generator: KW 
voltage 
phases 
frequency 
power factor 


CURRENT TRANSFORMER 
Manufacturer 

Medel. 

Primary Current 
Secondary Current 


Capacity 
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3 E252 

120 volts a-c 
400 cycles. 

4.5 amperes 

S 

125 volts d-c 
1.75 amperes dec 
1hO yolts 

60 cycles 

0.5 amperes 

1 

Yes 

Static Magnetic Amplifier 
Centinteus 

50 deg. C 

A 

Drip - proof 
Bulkhead 


5 
120 volts ac 


3 
00 cycles 
0.8 


Vickers Elec, Div. 
27022 

30 amperes 

1.25 amperes 

60 VA 


Frequency 

Phases 

Ambient Temperature 

Navy Service Classification 
Duty 

Degree of Enclesure 
Mounting 


MANUAL AUTOMATIC TRANSFER SWITCH 


Mamifacturer 

Type 

Voltage 

Current (max, ) 
Positions 

No. of poles 

Ambient Temperature 
Navy Service Classification 
Duty 

Degree of Enclosure 
Mounting 

MANUAL CONTROL RHEOSTAT 
Manufacturer 

Type 

Resistance 

Current (max, ) 

Ambient Temperature 


Navy Service Classification 


16); 


400 cycles 
3 

50 deg. C 

A 
Continueus 
Open 
Switchboard 


Electro Switch Corp, 
"Pp" Rotary navy packet 
125 volts a-c 

10 amperes a-c 

\ 

10 - special threw 
SO deg. C 

A 

Geptiathum 

Open 

Switchboard 


Vickers Elec, Div, 
5 B5—2 

190 ohms 

0.35 ampere 

50 deg. C 


A 


Duty Centinuous 
Degree of Enclosure Open 
Mounting Switchboard 
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APPENDIX V 


COMPLETE DATA ON LOAD TEST FOR OVERALL SYSTEM 


166 











. 


wer, 


oars = 
"hee cf EP 
2 ig Mosc 


ie 
= 


a. 2 
= 4 


e 3 


ie : 
Al 5 : 
SP am Hee 3 ‘ ——— Bs = > ee 2 —- <a <_< a ee 2 
} ye ian ; | 


eo 


















: | ; 
t i . - 4 
¢ 4 ‘ A a i 3 
saad lies inka el | eit saatienen' x penne va We Rh DS ; ve wee Sehahenas: oh ree Ko aes ait Pa. 
re ee yo. oY ‘aie Sel, : 
; : a i ; 4 ai ; 
. a ae! MM cic: wcviaoaueacl . = —_ a . eee oe ae & ” aan r a d : 
7 tee pele _—-—.-f tw} . _ 
Fe 4 ote 1 io | : ea te. 
ep acim - = ee 7: os — - rere. oe en — oil Sahl c= S - af watt Ts | oxi aii PP Mah ATT, ” ee Te orl OE, FH ym ne Hy ~ © oe wn f 
4 ¢@ y 4 i! 7 a 
f 1 i ; _ 
| OST oven | = as | Simei a ee fara ws 7 sme inciee Bo , ae ‘ oe = a: . 
h qf 4 
: i | a. ; it J - a 6 
PY a 
Pe. a ee 1 et Wer ot Baers | wees j me Teer. i ~~ earn nte io resrar gee —" S. 
ath Salk le laa — Bike a 
ie : : i 
| a ee a! Ser hae 
y ~ . a he — |, a 7 “1 a as "= ) 7 — | i i te, _— — . en Ot 7 omy fer tes Be te ee we 
7 a a : | . | | 
: : : h ; g . | - i ' ‘ a4 4 ai 3 , i 
SSsnnEEA IEEE SERIE MALE: Sinead aL. ented ence fe oi ae tT ed cd Oi | ls a a es 
: 5 ; ; a3 a4 z. 
; ; 7 1 1 “4 | 
—_— tog" q —_ eek | l | : ; 
Les ike —— a =e ad ak i t Le — ae ta aed a ee = Ca) 7 Petes OE 
} 4 z f ; j f 4 4 2 v) i 
* ba ‘ ; . & 4 | t 4 3 : 
; : ‘ ; . : ‘ i | ; 1 
aiines came (itnn 3 . : Se er ‘ey aT naan aaa biate matted he 1s) Sk 52 Sl - + ~ -_- s ~w a 
i ; i S >} : i 5 i i 5 ‘ iy 5 1 
] 3 é 4 A u } 3 : ; j a ; z } 
} ! t 4 ‘ t { : f _ ; 1 & : , ' 
till mie ane { ee chim emriarhecrnts sents teatrais ne wae ow Spr rar 2a rameesontar - ee ware = wee NA ernment _ mo es — nenerronyh 7a TH -¥ Pas 4 To. ~- 
: t i i i é i “4 . 
| i ; i i § . i ty g 4 y 
: 3 a ee ee Ps ea or ae 
rer ; : ones aapne nmin i; ee a lana | iin 1 i a at PAT ee! 8 sane — ii wow} UT me , etn tay thin 
‘ i ‘ : i a & 
RS A am es SE 7 o'r ee 
anmvenncet peer mn. neem mesearectes [en rerrameseccomasell a : memmeranener anne taelemtense onee ny 03% narrator ire Oa: eran WARE eet, 
j i 4 ij i i . 
i : ) 2 ' t ‘ ) i a4 é 
} : i i / , ‘ i; 5 i , , 
ca lah ts Sanam iia oar ote : . a “An : 
ae 4 : r { “y 
a if : i { ; 
ds 2s } 7 . . \ 
sy a 8 : I ,* ’ 
4 ‘renal & @ ners _ ecient EY AB) pPEBD-W LADD Dee! e " nr a-f 
; 14 7 ‘3 y ; ' | , 
i | : } at ; 
i . Der eee PRs». Per Re es © OER, RWS oe ee Fy ee ot ocak, ena we PE ers 











ae a 
Pa Per CUT tem 1 OTR, 
aw i : ¢ 3 


=e 


et T- ee 


7 Cha taro 








} f : f 4 ’ : . . : : i ' fa a y 4 j 
' : . \ : é /; ? 6 CORKS ' & 4 ; 
dh oe 2 ees See Se “i wal : a ee 
— " - 3. ee wines ~ v Se a ee ey | ae ee a en red az NC ae UREA pees OTE sk re wasD ee AT UN en A ee as ee 
Tate To) ) eee a en oe on hh ie tot 
. - d . 
i he = i kG fe i ‘ bal 
# f & 
wit TALE ARTUR Be UMA 16 ad ae ig ror nr Se on TORE EA, | al ee sa tT eR. Fool aod Pe BASS heweeint 18° Ot AOA. Bo pe Weegee ee a 2 te FA Ne Saapaaheeetinete Giiamemeeniiien 
eh Ae ee | tf : | a She tect 
eS eS ES ee ee a a ey ee he 
i. WP mane ~ / ee EF me r _wt wo ke 4 coeeeeaie te ad “re A> ae pile Ba) THe” Fie ae sai nwa —a 7 = wet bad <i rar, 4 , to: , Sy 4. ~~ ; ra c rs 
: . si a 
i ; . ; 3 $3 ot : at : ‘ 
; | ‘ j ; 3 ic : ; ae | Za ; i 
rh, - _ a er 8 Se eae Warn omar mein 6 r Pl POO i Pe Yale =f F mnve eid. 7% i Al Nal a he 3 oo f-63. 08h green - eae, qotiammias © el ee rept seme ey © Deere Te wet et ae ee =e we? ce 
: : a 
3 i ; » 
tae ere, | i i if boi Ay eee | 
; ; ‘ ¥ * 
— . J - a Ve = ge a em  daeial head EE sree al a ie verve trie + re TT iy .—. soll mre Ae 
| . 7 : ; ie F | 
4 ii t 
: i ‘9 
a 


ree 
~~ e em at 
Ee PK « 


P46 le 
a ae ial a _ ke Mie pa, 
— | 
r 


i 


- oe s- 


bd 
\! 
f 
ts 
ts nal 
} 
7 


—_ ei = — 
- 
i 2 a4 
2 
=z 
ot 
a 
a ala 
+3 
3 
i 
~ wal 
| 
; 


ot 

' : ; : 
a heme t OD be. 
| ee —_ | , 7 
i 


mee . w a 


A ; ; 4 . 
t : { i } 

noe TY oe ee phe ere — ce. 
: 
ry 


‘ 
‘ _ 
2 i 
Se TES ee SER Te ee mee 
a. 
Tor 
et ee we 
EL. 


& 
at ars 
oo WQes 82 tose Pee eee copes Pee Ae oa 
. 























i " ner ie 3 3. wares ee Pe je Oo , ?. ¥ re = re 
‘ ¢ ’ - 
| . ) * a : 1 , 
; : : ¢ j z i : 
1. sco" _ akan Br AAT omer oh gitiies i Pe re ote ete b lie ns Se nee ae _ x Meas. Cm 4 _ _—* - i” i 4 me = 2 
: : ‘ 3 tt h? { 2 , 41 ; 
, i : : 3 : ' : ; t { f t % 3 t ie ; 3 r 
3 é j } j 4 | te 4 
| .  ) foagel Pare ‘ae ee aS oe a 
yew tere us ORE err PE Re Eo Sig i PG RA RE, 1 OLE TTS REREE: Tie PY CATS fo ort wg CELI 2 mba TD. ae TRE PPO ~ ¢ * * .* ( 4 r ( ; ~ ¢ art 
: ' ; - @ - ‘ 
i i ; i é j i q if | ; i ij ; i ‘ i. 
| =~ i + : 
‘ L A : ! =) ee ? 
ak aati ween: Salt Wize ‘cotiee aed ee om vn ent an ao a ae — : ; >. — cu — . Se ~~. ete ao 
:; | : i ; : : ! 
| : | : i ; ; 4 7 : 7 ' li ; i 4 
Mv : — oo ms 5 ca (on a < = ALAS is _ a. a SS cae 
+o ~- rr in ri —— TET oy ale eon a rf ae ¥ a 1 + 4 Ae sie Eee . | - 7 t cae 
{4 —_— | 7. i | ‘tot + : 
| | 7 | 
; & Va 4; - | e 
a —— —— ee a lilies al oi ond — _ — apie e : * : F aalii we all _— wos -_ inn 
: i 7 : { 
} ) | ‘3 ; ji i be . | 
j ‘ { : ; +s ¢ : | : ; | { Vj ; i : | . 
ihe Jl Ral ory — «2m Soy TTT a ~ Le v5 - a : - 7 c; t i'r —_ rt - ‘ —— r . cs 
| | | ie oe oP eh le | 
, : : a 
say otha Tews fom torre oe “= eee eee “Fj i Ye sneetenenrthninemermner caer jeer awscnr tear veya — Ae, = 
Hare ri =a tz | Wei ie tl & 
ip y | SPA TIT Ad LPH) i | Ba 
a. sat : ’ ; 
5 (eee nn mater Oe Oh OB SOTO AE i s “—_ ered i£-becr: 
. & A qaisy To wre > _ 
Pe ad ye 
7 

















































d i f i > i é i. af #4 i Fa : 3 t 3 : ; 
: oa 3 : a : 
| op Be psy Peay poieere ft of 
: é ; ; i : rf - j ; ¢ é : 
- - - -_ — = - et ee be ME a =". vr 4 _ » = j ser =e : ~ ‘ —o i : . 
oe Me es ais TS, wate Se Eee) PT ee) Te ee ey top a a) Vasa is 
‘ 4 q : : 7, 7 . 
) ; | ; : +; 1 | . ; 
# a a a 4 bf Poy § P| 
nr er  irleaiilaie $3— — - (eRe —~ -- =o wee : =e in Gs Bi ma ermennas Wt a) se atnamaatenri me mee tn ancsrunr cites alls Dd Fan aD — - ‘a f i, 
t { ‘ 4 4 [ y ty 3 ke a 
, : it : : i | 
a => . “i : ‘ : ‘ i | 4 4 j i : : 3 i; 
i : ~~ - o-=_ : L 3 _ : _ = ; » Ss - ™  . © se nt “3 y's ; ae 7 vert > ll _——_— ee si “Ce Mhing meme 9 
| | : . ; \? oe. Vs 6 
4 : } 4 : : > a 4 
. i ® : r i . 3 
a a - ~ ote e a oa! ps — er Om ae a Pe et i. ——_ — a T : < “ 5. al a he - : 
P “ s ds 
| Err we Aad Pri 
a i ; 5 : ; 
ne ere ae i an az — *, on » + a Aap or a se frosencen Date "ama ai! ee ol a2 [PRA Me. ATE Be Cc WER 2 ot po naan +» as x» |e te Phe TT fot dl ah a 
Tae a en a0 se nya Te y 
i : a : : : : ‘ { {5 H ij ‘ 
! ; ‘ { > } 4 i ; P ; i 
ae + a ~a ee eee we > Mee Se rte ere on 4 ’ __t ame end i { _—— © anti =. make —_ . 2 z i 
wa a; 2 | | ii ; — © el 
5 & 
—— a mr ere. mis ara Bhan BOT aed Ld R26) ator co rr Ba VR iar > yawr = ce es : “<> ng | ’ . 
; , ; i , ‘ ’ 14 " : “i 4 ' 
| i ‘ i ! i} ot : 4» i , | 
[a r ey « = _— a _ —— ae ae oo = * ~ : P - * : 
! | . b 4 om i} | . 
: : : 3 i : a oF 
{ 4 | oe . _ Fr f 
~~ ares -  —— etre —_ ee Tis ibd ck eS 9 a : iu _ RO PE SAP <5 i FS il ie uy 7 ee py ) ~~. a . 
- h 
i i t ; 1 
awe : a = oo — i Ml . 2 ahah at, bith Le wiekec sent _ F ‘ J = : 
i ; ; : : i ‘ { 4 A ; 7 4 
‘ i 2 > 3 r | : ». by 
; ? f ‘ > { 4 ‘ i é 1 i . : 13 i Ay 
! M ; : ; : % f p i 7 3 Bs . : —- I - ae . 
rmmnorers one ee —-— any a ~ = ams A wy ‘ soeeathe fal tans rr ie Aas : ry ‘as ee aes Cada | an aah Tony ~ m 4 " - — mw» ? g = 
' : 3° PTT : ; é ~.4 i i {3 ae . 4 4 t F 
= -_ s ee 1 ' i 6 
rey We , — oon ety acre asl et amen Gane : LP 8 eo i a ba a ee ao a, ie Bree ae 8 nal 
. | . ‘; if : if ; 
; i : ; 4 sf ‘ ¢ i Tr a ‘ 
- og pene Mle ad BAM: meer U soewemets Tr se eh meas i oni ore mace \\i . © t- rs ‘ ‘ — ‘ 
: | a! eet | ies ed 
4 $ r] 2 * } aa . 
| 1 | ¥ i. | H 
ee ee Ot ae te EP ne — — “= te Dade ee ee oe Wa v = ———+> = i — aati ee al ——— = iis 
4 ? . : ; 4 é ( ; s j : i : « 4 
H : y . f i , i * : ; a 4 - : 
— -_ —st a a. a ae 
4 U] 4 : : -4 
ceeane setae japanese ce Se ts ET RT ere TT re — 
| {I 
: 
PAPE Fo kik ; + BEM SOS Cue EE DES. ope fe Mew Woe — DPS aE AEE MEE AO Pers Eh ee reow as ome — eas 
‘ >? wn tom, 3 m= 
k: o . a er { MALS oo (os 
a 4 4 
3 i t 9 ; 
: ha) area cde =a weer — , a 
’ x? Th te eastntachnntes eel eetete ee eS ee _ 








6 6 Pe 








a —aeeeer™™-”rmr—n—ninaaaeEwrnor ee 
- : 
j - 


' a f° 
Chi BE] MCL | | | 


= _— - ' — T ® * 


I 
eet pe eee hemi a ee Se te WTP iets iT ST 


r . 
" ' a & =) aT, re TT) Ff TTT; 
> = i) 
: 
i 
¢~- -_ 
‘ . — - - 
ie ‘| ’ ‘hed | 7. =p *| : > ~ et err TT ‘oy rs yTe- 
- | 
— rr, , -_ —r .; . See rs ; - a} ‘ 
: 
- 
7 “ = it. : an - 7 ' - = - - ) * * : *© Y _—wo7- © Tr os 1 - Tt 
—— - a 7 = — —_ 
; ‘ . ; 7 U 
ee . ——— - — — | 
' | | ye vy! 9 sel —- - = Ts oe —t. 7 oe 74 
t : . 
7 — > —_—- . — - . - — _—— - - a . ——- > _ : 


OF mi Kalai a ed 8 Sill Minko eda, \orvrt re eer eee 
or i Te Shoes ata A eae nag te +f 

- : — pe —<—= += 
a ey 

J a Tle 























3 = ror fess | 











Sone § ee = - = 
ry ve * 





Sl SS —- ~ = —=. 


| 


" Las ah? i 





- pipeae 





—"—_—_ 
7 


- 


; 


sa <_’ Ba) + aes oh la cms “a 

















= aa ne ea, oe 


—_— | se ree > 
—_———— 



































DISPLAY 
_AN aS 727 
AG 2857 eee? | 
1a APR 72 needs 
peat? 


Thesis 2971,6 


A95 Auger 
Voltage regulation of a 


synchronous generator. 


_AN 25 DISPLAY 


AG 2857 ee! 
taaPR 72 2066 


1, ther we oO 3 7 


Thesis 29716 
A95 Auger 
Voltage regulation of a syn- 
chronous génerator using magnetic 
amplifiers. 








